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Abstract		
	
 Gamma Knife radiosurgery (GKR) is a neurosurgical stereotactic procedure, combining 
image guidance, with high-precision convergence of multiple gamma rays, currently emitted by 
192 sources of Cobalt-60 (Leksell Gamma Knife ICON®, Elekta Instruments, AB, Sweden). The 
intimate mechanisms of action are not all very well understood and vary according to the treated 
pathological condition. In functional disorders, GKR is used either to target a specific anatomical 
point [e.g. thalamus- ventro-intermediate nucleus (Vim) for tremor] or to target a larger zone, 
such as an epileptic focus.  
 The present thesis focuses on Vim GKR for drug-resistant essential tremor (ET). Essential 
tremor is the most common movement disorder, with the predominant clinical finding being 
kinetic tremor of the arms. Radiosurgery (RS) has several limitations in this indication: (1) 
indirect targeting (Vim is not visible on current MR acquisitions), with (2) no intraoperative 
confirmation of the target, (3) delayed clinical effect, (4) inability to predict the radiological 
response and a (5) lack of understanding of its radiobiological effect. Moreover, despite a 
standard radiosurgical procedure, there is a variability of clinical effect, with a lower efficacy rate 
as compared to standard deep-brain stimulation, the reference technique. Gamma Knife 
radiosurgery has no access to tissue analysis, and targeting and follow-up evaluation are based 
only on neuroimaging. We addressed the limitation of the indirect targeting by using high-field 7 
Tesla (T) MRI, and combining multimodal imaging for Vim definition, at both 3 and 7 T. The 
central core of this thesis was the understanding of radiobiology of RS for tremor, using both 
structural [e.g. T1 weighted (T1-w), voxel-based morphometry (VBM)] and functional resting-
state functional MRI (rs-fMRI).  
 We aimed for a direct Vim visualization using ultra-high field 7 T. The former allows an 
increased signal to noise ratio, an improved spatial resolution, as well as a superior sensitivity to 
magnetic susceptibility engendered contrast. Susceptibility-weighted images (SWI) might be an 
important step to allow a direct visualization of thalamic subparts (including the Vim). We 
explored 7T SWI advantages, which were done in a qualitative manner. We combined several 
different methodologies for Vim definition (in healthy subjects of different ages): manual 
delineation on 7T, quadrilatere of Guiot used in common clinical practice and automated 
segmentation based on diffusion weighted imaging and atlases (last two performed by and in 
collaboration with Dr Najdenovska). We concluded that although 7T SWI, alone or in 
combination with other neuroimaging modalities, is useful, several limitations need to be 
overcome yet, precluding a standardization of a direct Vim visualization, with the current state-of-
the art.  
  The T1-w and rs-fMRI based studies analyzed the radiobiology effects of Vim GKR for 
intractable tremor and led to several important contributions. The most relevant and novel was the 
presence of a visually-sensitive structural and functional network, involved in tremor generation 
and further arrest after Vim GKR. The patients with this network more integrated 
pretherapeutically benefited more from RS. The candidate had shaped the term “cerebello-
thalamo-cortical” into the “cerebello-thalamo-visuo-motor” network, as a step forward in the 
understanding of essential tremor’s pathophysiology. Two structures were proposed as main 
calibrators of this network, in the light of the present thesis: the cerebellum (as the most probable) 
versus the thalamus itself. Moreover, a more classical basal ganglia network, interconnected with 
a salience one, as well as a cerebellar, interconnected with the motor and visual one, were 
reported. Other longitudinal changes involved dorsal attention, insular or supplementary motor 
area circuitries. Particular phenotypes of ET, including patients with head tremor, were analyzed 
and discussed. As a perspective and future work, in progress, the dynamics of the extrastriate 
cortex was further analyzed, using co-activation patterns.  
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Résumé	
	
 La radio-neurochirurgie par Gamma Knife (GK) est une procédure de neurochirurgie 
stéréotaxique, combinant l’utilisation d’une imagerie multimodale, avec la convergence de 
multiples rayons Gamma émis par 192 sources of Cobalt-60 (Leksell Gamma Knife ICON®, 
Elekta Instruments, AB, Suède). Ses mécanismes pathophysiologiques ne sont pas complètement 
élucidés et varient selon la condition traitée. Lors des procédures fonctionnelles, le GK est utilisé 
pour irradier avec une haute précision, soit un point précis (par exemple, le noyau ventro-
intermediare, Vim, du thalamus pour le tremblement), soit une zone plus large, comme un foyer 
d’épilepsie.  
 La présente thèse a comme sujet principal la radiochirugie du Vim (RC du Vim) pour le 
tremblement essentiel (TE). Le TE est un des mouvements anormaux le plus commun, manifesté 
principalement avec un tremblement d’action de la main. Toutefois, la RC du Vim a plusieurs 
limitations: (1) le ciblage est indirect (le Vim n’est pas visible sur les séquences IRM classiques), 
(2) elle ne permet pas la confirmation électrophysiologique de la cible, (3) l’effet clinique est 
délayé dans le temps, (4) la réponse radiologique est difficile à prédire et, (5) il manque une 
compréhension claire de son effet radiobiologique. De plus, malgré le fait que la procédure soit 
standardisée, il y a une  variabilité de son effet clinique. La RC ne permet pas d’analyser le tissu 
et, le ciblage ainsi que le suivi, sont réalisés uniquement sur la base de la neuroimagerie. Nous 
avons analysé la limitation du ciblage indirect en utilisant l’IRM à haut champs [7 Tesla (T)] et en 
la combinant avec une imagerie multimodale, incluant des séquences 3T et 7T, pour la définition 
du Vim. La partie centrale de la thèse se focalise sur la compréhension de l’effet radiobiologique 
de la RC du Vim dans le TE. Cette partie se base tant de l’analyse de l’imagerie structurelle 
(séquence classique T1) que sur l’imagerie fonctionnelle (IRM de repos).  
 Le but de la première partie de la thèse est la visualisation directe du Vim en utilisant 
l’IRM 7T, qui a plusieurs avantages par rapport à l’IRM 3T, y compris une meilleure résolution 
spatiale. Notamment, la séquence SWI a un intérêt particulier, mais elle n’avait encore jamais été 
explorée que de manière quantitative au niveau du thalamus (qui contient le Vim). Nous avons 
combinée plusieurs modalités pour définir le Vim (chez des sujets sains de différents âges): 
visualisation directe sur la 7T, quadrilatère de Guiot tel qu’utilisé en pratique clinique courante, 
ainsi que segmentation automatique en imagerie de diffusion ou par des atlas (ces dernières deux 
approches ont été réalisées par, et en collaboration avec, Dr Najdenovska). Nous avons conclu que 
la séquence 7T SWI, malgré certains avantages, et utilisée seule ou combinée avec d’autres 
modalités, présente certaines limitations qui ne permettent pas, à l’heure actuelle, de l’utiliser 
d’une manière standardisée, tant chez les sujets sains que chez les patients atteints de TE.  
 Dans la deuxième partie, l’étude de la radiobiologie de la radiochirugie pour le TE a 
permis d’apporter plusieurs contributions. La plus importante est la mise en évidence d’un 
« réseau visuel » structurel et fonctionnel, impliqué dans la genèse du tremblement et dans son 
amélioration après une RC du Vim. Les patients dont ce réseau est mieux intégré avant la 
procédure ont de meilleures chances d’amélioration clinique du TE. Dans ce contexte, nous avons 
proposé d’adapter le terme classique d’ «axe cérébello-thalamo-moteur» en le modifiant en « axe 
cérébello-thalamo-visuo-moteur», ce qui pourrait aider à une meilleure compréhension de la 
pathophysiologie du TE. Nous proposons également que deux structures puissent jouer le rôle de 
neuromodulateur de ce réseau, le cervelet et le thalamus. Une autre contribution est la description 
de l’interconnexion entre le réseau classique impliquant les noyaux de la base et celui l’attention, 
ainsi que de l’interconnexion entre le réseau cérébelleux et celui des cortex moteur primaire et 
visuel associatif. Des phénotypes particuliers du tremblement ont été analysés, incluant par 
exemple des tremblements du chef. Des travaux en cours incluent l’étude de la dynamique du 
cortex extra-strié en utilisant de nouvelles approches, comme les patterns de co-activation.  
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Abbreviation	list	
	
• AC: anterior commissure 
• ADL: activities of daily living 
• ALFF: amplitude of low-frequency fluctuations 
• BA: Brodman area  
• BOLD: blood-oxygen-level-dependent 
• DBS: deep-brain stimulation 
• DTI: diffusion tensor imaging 
• EMG: electromyography 
• ES: elderly subjects (considered healthy) 
• ET: essential tremor 
• FA: fractional anisotropy (from diffusion tensor imaging)  
• fMRI: functional magnetic resonance imaging 
• FC: functional connectivity 
• HC: healthy controls 
• HIFU: high intensity focused ultrasound 
• GLM: general linear model 
• GM: gray matter 
• GMD: gray matter density  
• GK: Gamma Knife 
• GKR: Gamma Knife radiosurgery 
• MR: magnetic resonance 
• MRI: magnetic resonance imaging 
• MS: multiple sclerosis 
• NEJM: New England Journal of Medicine 
• IC: interconnectivity  
• ICA: independent component analysis 
• ION: inferior olivary nucleus 
• PD: Parkinson’s disease 
• PC: posterior commissure  
• PET: positron emission tomography 
• PPN: pedunculopontine nucleus 
• PSA: posterior subthalamic area 
• Pu: pulvinar 
• QSM: quantitative susceptibility mapping 
• RAPRL: radiation prelemniscalis 
• ReHo: regional homogeneity 
• RF-T: radiofrequency thalamotomy 
• RS: radiosurgery 
• Rs-fMRI: resting-state functional MRI 
• STN: subthalamic nucleus 
• SWI: Susceptibility Weighted Imaging 
• T: Tesla 
• TETRAS: tremor research group essential tremor rating assessment  
• TSTH: tremor score on the treated hand 
• Vc: ventral caudalis 
• VBM: voxel-based morphometry 
• Vim: ventro-intermediate nucleus of the thalamus 
• YS: young subjects (considered healthy) 
• ZI: zona incerta 
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    	 	 	 1	
	 	 	 							Introduction	
1.1.	Clinical	context	
1.1.1.	Gamma	Knife	radiosurgery	
         Radiosurgery (RS) was invented by the Swedish neurosurgeon Lars Leksell at the 
beginning of the 1950s1 and defined as the “delivery of a single, high dose of ionizing 
radiation to a small and critically located intracranial volume through the intact skull”1. 
Originally, Leksell conceived RS as a primary tool for functional disorders1, 2. In fact, as early 
as 1951, he treated a trigeminal neuralgia sufferer using a prototype guiding-device linked to 
a dental X-ray machine1. The word “stereotactic”, frequently employed as “stereotactic 
radiosurgery”, refers to a three-dimensional coordinate system, which enables accurate 
correlation of a virtual target, seen in patient’s therapeutic images, with the actual target 
position in the patient. The principle of this device was to irradiate an intracranial target with 
narrow beams of radiation from multiple directions. The beam paths converge in the target 
volume, delivering a desired cumulative dose of radiation there, while limiting the dose to the 
adjacent healthy tissue, to obtain a radiobiological effect. Ten years later, significant progress 
had been made, due also in considerable measure to the contribution of the physicists Kurt 
Liden and Börje Larsson3. At that time, stereotactic proton beams had replaced the X-rays4. 
However, the synchrocyclotron was too clumsy. Leksell was thinking about a simple tool, 
which could be handled easily by the surgeon himself. 	
      In the 1968, Leksell created the Gamma Knife (GK), a tool for RS using multiple 
focusing cobalt-60 sources2. Gamma Knife radiosurgery (GKR) is a neurosurgical stereotactic 
procedure, combining image guidance with high-precision convergence of multiple gamma 
rays, currently emitted by 192 sources of Cobalt-60 (Leksell Gamma Knife ICON®, Elekta 
Instruments, AB, Sweden)5. Nowadays, the clinical applications of GKR include benign and 
malignant tumors of the brain and skull-base, vascular malformations, functional and 
psychiatric disorders6, 7. The intimate mechanisms of action are not all very well understood. 
In fact, they may differ according to the treated condition and the targeting strategy. In the 
case of tumors, apoptosis may be the major mechanism of cell death8-10; in vascular 
malformations, RS induces vessels obliteration by thrombotic endothelial proliferation11-13; in 
functional disorders, GKR is used either to target a specific anatomical point in an anatomical 
structure (e.g. thalamus14, 15, anterior limb of the internal capsule16,  trigeminal nerve17-19) or 
to target a larger zone, such as an epileptic focus20, 21, and the mechanism of action may 
differ.       
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Figure 1: artistic representation of:  
a- how the gantry of the Cobalt-60 machine is focusing Gamma radiation on the targeted region, 
while minimizing the amount of radiation that passes through the nearby regions; in the illustrated 
case, the patient has attached to the head a stereotactic frame; b- Gamma Knife machine  
(adapted with permission from http://philschatz.com/chemistry-book/contents/m51203.html) 
1.1.2.	The	ventro-intermediate	nucleus,	as	part	of	the	thalamic	nuclei	
        The thalamus is a paired diencephalic structure, centrally located between the cerebral 
hemispheres and the midbrain. Although occupying only 1% of total human body volume 
(approximately 15 cm3), it wires a broad array of functions, via densely interdepended 
connections between various cortical structures with basal ganglia, brainstem, spinal cord and 
cerebellum22. Furthermore, it controls information passing to and from the cerebral cortex, 
while conveying primary sensory inputs, integrating information across different networks, 
gating descending cortical outputs and modulating cortical laminar synaptic activity via 
reciprocal cortico-thalamo-cortico connections23. Massive cortical projections bring each 
thalamic subpart (called nuclei), under the influence of motor, sensory and association areas 
of the cortical mantle.  
 The thalamus is considered a place of convergence of different major sensory and 
motor systems, in a very specific manner, at the level of each different nuclei. It integrates all 
these rather complex structures and distributes projections to specific areas of the cerebral 
cortex24-26. In this sense, it acts like a hub, relaying information between different subcortical 
areas and the cerebral cortex. The thalamus is playing also a role in the regulation of sleep, 
awareness and consciousness.   
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Figure 2: Overall vision of the anatomical location of the thalamus in humans, on sagittal (lateral, 
upper part) view; simplified view of the internal structure (lower part), as adapted, with permission 
from Doctor Jerry L- Prince, from “A novel contrast for DTI visualization for thalamus delineation”, 
Fan et al.27, Fan X., Thompson M., Bogovic A., Bazin P.-L., Prince J., DOI: 10.117/12.844473, SPIE 
Medical Imaging 2010, San Diego, California, United States, Proc SPIE 762533 
	
 The current view on the thalamus considers this structure as separated into distinct 
clusters of neurons, grouped as more than 50 nuclei28. These nuclei receive a particular, 
individual input and, moreover, send a particular afferent signal to one or several specific 
cortical regions, via the thalamo-cortical white-matter pathways25, 28. In terms of nature of the 
incoming fibers, two groups of thalamic nuclei are classically considered and described by 
most of the authors, named the first and second order relays. The first order relay contains 
nuclei, which receive afferents form the ascending pathways, before they go to the cortex as 
output of sensory information, basal ganglia and cerebellum’s. They principally transmit to 
primary cortical regions. The second order relay contains nuclei, which receive afferents 
mainly from the cerebral cortex and further transmits this information to another cortical area. 
They convey primarily to associative cortical regions. However, there is not an absolute 
barrier between them29.   
 The nomenclature, as well as the number of thalamic nuclei, has been varying greatly 
depending on the reports. They have been previously delineated on an ex vivo basis, 
exploiting the differing chemoarchitectual and cytoarchitectual properties of the various 
cellular populations to identify unique, functionally specialized territories30, 31. Whilst several 
parcellation schemes exist, Morel’s atlas (based upon calcium-binding proteins for 
subdivision) is one widely accepted and divides the thalamus into five broad groups: anterior, 
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posterior, medial, lateral and reticular30. Other parcellation methods have been proposed, 
including those based on structural Diffusion Tensor Imaging (DTI) (Wiegell et al.32, 
Najdenovska et al.33) or functional MRI (Fan et al.24). No matter the technique, or the 
computational approach, each type of nuclei is supposed to have its proper, well-defined, 
structure, function and connections, while using this approach. However, despite numerous 
advances, many aspects with regard to previously described nuclei separation techniques 
remain largely undiscovered28.   
                        
Figure 3: Illustration of parcellation of the thalamus, in axial plane, as depicted in: a- the 
Schaltenbrand’s31 or b- Morel’s atlas30; while both are based on histological delineation, different 
subdivision patterns can be seen 
 The same limitations apply to the cytoarchitectonic definition of thalamic nuclei, 
including the Vim, at the level of the motor thalamus. One option, which might be considered, 
is a definition of the nuclei based on their subcortical afferents. There is no overlap between 
the cerebellar and pallidal and nigral afferent territories, although there are significant 
interdigitations. There is an anterior to posterior topographic organization of the thalamic 
ventral-lateral nuclei with the nigral and pallidal afferent receiving nuclei positioned 
anteriorly, followed by the cerebellar afferent receiving nucleus and then the sensory afferent 
territory in the most posterior position. However, there is a need for a better definition in 
human.  
 The ventro-intermediate nucleus (Vim, figure 3, a, adapted from Abosch et al.34) is 
part of the ventral, motor group of thalamic nuclei. Among with the anterio-lateral 
subdivisions, the former acts as a relay between the basal ganglia (e.g. ipsilateral globus 
pallidus), the contralateral cerebellum and the ipsilateral premotor and motor cortex35. The 
interconnections with the basal ganglia and substantia nigra, but also with the red nucleus, 
make this structure important in movement control and motor coordination at large36. The 
Vim was initially defined by Guiot and Albe-Fessard from electrophysiological recordings37. 
It is organized in a somatotopic manner, with the leg-area lying laterally and the face-area 
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medially, measuring 2-4 mm in anterio-posterior, 7-10 mm dorso-ventral and 4-6 mm medio-
lateral38.  
   
1.1.3.	Essential	tremor	
   Human beings have left written archives about their tremors for thousands of years, 
with references in ancient Egypt, India, Israel, and Greece39. Essential tremor (ET) is 
considered the most common movement disorders in adults40. The hallmark manifestation is 
tremor, occurring during voluntary movements (i.e. kinetic tremor), at the opposite to the one 
appearing at rest39. In the 19-th century, the term «essential» was employed for a number of 
medical entities, which seems to have no evident medical cause. Charles Dana, a neurologist 
in New York, has coined the term ET in 1887, while documenting the presence of tremor in 
several large families41. The common use of the term «essential tremor» started by the mid of 
the 20-th century and is referring to kinetic tremor, which is commonly familial, and for which 
no cause is known39. The prevalence ranges between 0.4 and 3.9%39. 
 The predominant clinical finding is the kinetic tremor of the arms. The frequency 
ranges between 4-12 Hz, and is usually inversely correlated with age42. Voluntary tremor 
occurs during writing, eating, dressing and other daily activities, impairing the patient’s 
quality of life. Usually, there is a progressive worsening of this symptom, creating a 
progressive functional disability in multiple daily activities (Figure 4)40. Head tremor is 
assumed to follow hand tremor, while considering a somatotopic spread of the involved parts 
of the body43. It is related to several already supported features: older patient’s age, older age 
of ET’s onset, female sex and associated voice tremor44. As directionality, three types are 
usually described: “yes-yes”, “no-no” and “round and round”45.  It is worth noting that aside 
motor manifestations, non-motor symptoms can be also present, including changes in visual 
reaction time46, hearing impairment47, cognitive deficits48 or depressive symptoms49. 
 The traditional view on ET, as a simple monosynaptic disease is currently being 
replaced by a broader definition, considering ET as a family of diseases, with a more complex 
set of clinical characteristics, which develop in a prescribed manner over time39, 41, 50. Patients 
with ET who are sampled at different time points during their disease are also likely to have 
different clinical characteristics50. 
 The diagnosis of ET is based on the medical history and physical examination 
performed by a health care professional. There is no single test to confirm the diagnosis. The 
anamnesis should include age of onset, family history, temporal evolution, exposure to 
eventual tremor-inducing drugs (e.g. Valproate, Lithium etc) or toxins (e.g. Mercury, 
Manganese etc). Neurological examination should assess distribution of tremor and 
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conditions of activation, include a visual estimation of the tremor’s frequency range (low <4 
Hz, medium 4-8 Hz, high >12 Hz).  
 Core diagnostic criteria are: bilateral action tremor of the hands and forearms (but not 
tremor at rest), absence of other neurological signs with the except of cogwheel phenomenon 
and eventual isolated head tremor with no signs of dystonia. Secondary criteria are: long 
duration (more than 3 years), positive familial history and beneficial response to alcohol.							
Figure 4: activities of daily living impaired by 
tremor: eating and drinking, dressing, writing  
(with permission from Jama Neurology, Muth et 
al.51, American Medical Association, DOI: 
10.1001/jama.2016.16376) 						
 
Tremor severity can be assessed using standard questionnaire designed by Bain et al.52 
(e.g. activities of daily living (ADL))52, tremor score on right treated hand (TSTH, e.g., right), 
from Fahn-Tolosa-Marin tremor rating scale53 or the head tremor score using Tremor 
Research Group Essential Tremor Rating Assessment (TETRAS, range 0 to 3) 
 Although several hypotheses exist, ET underlying pathophysiology remains unknown 
(Figure 5 presents a broad view of what is considered tremor’s circuitry, reproduced with 
permission from NEJM54).  
 A first hypothesis commonly presumes tremor as generated by abnormal 
oscillations within the motor cortex, the corresponding ipsilateral motor thalamic area 
(e.g. Vim) and the contralateral cerebellum (e.g. dentate nucleus), as parts of what is 
named the “tremor network”55-57. The “tremor network” hypothesis has been supported both 
by human electrophysiology58 and neuroimaging studies55, 56. Data from normal non-human 
primates have also shown Vim connections with the premotor and motor cortex and the 
cerebellum59. Recent FC studies have previously shown, using resting-state fMRI (rs-fMRI), a 
prominent role of the Vim in the cerebello-thalamo-cortical pathway55, 56. Furthermore, it is 
known that targeting of the Vim by standard surgical procedures generates good 
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therapeutic responses, with regards to tremor alleviation60, 61. Hence, from this point of view, 
the cerebellum is considered to play a central role in the pathophysiology of ET62.  
 A second hypothesis is that the inferior olivary nucleus (ION), induces a rhythmic 
oscillatory activity, supposedly by reticulo-spinal and vestibule-spinal pathways, which has 
been reported by several animal experiments63, 64. Moreover, in humans, Louis et al.65 have 
done a systematic post-mortem study of microscopic changes in ION and did not detect any 
structural differences between ET cases and healthy matched controls. The same applied for 
functional neuroimaging positron emission tomography (PET) studies, which failed to 
identify any abnormal metabolic activity at this level66. Both have pointed out towards the 
conclusion that if ION is involved in ET, there is no structural or metabolic modification65. 
However, an isolated fMRI case-report, after opened surgical radiofrequency thalamotomy 
(RT), revealed significant activation within ION after the intervention67.  
 A third hypothesis considers ET as a progressive cell loss in the setting of a 
neurodegenerative disorder or a localized GABAergic dysfunction68, 69.  
 A fourth hypothesis links tremor with the visual system. This has not been 
specifically explored in modern studies until 201270 and further by the candidate using rs-
fMRI in 2016, in the frame of the present thesis71, 72 or, more recently, by task-based fMRI73. It 
has been previously demonstrated that in primates visuomotor arm tracking is followed by 
changes in the Purkinje cells in the cerebellum, which play a role in modulation of arm 
direction and speed74. In humans, studies as early as the beginning of the 1960s75, 76 advocated 
for a decrease in physiological tremor while closing the eyes and further decrease in visual 
feedback.  
1.1.4.	The	eye-hand	coordination,	a	link	with	the	visual	system	
 The connection between visual areas, with part of the structures involved in tremor 
generation and specific circuitry, was subject of several studies, both in physiological and 
pathological tremor. It has been previously stated that vision is critical for performing basic 
motor tasks, particularly those requiring a degree of fine motor control and dexterity77. 
Furthermore, reports of the tremor-vision association have provided subjects with an 
amplified view of their tremor78. The hypothesis was that, in neurologically intact subjects, a 
potential tremor presence at the level of the distal segment is so small, that subtle changes in 
tremor amplitude cannot be detected by the visual system79. One might think that by 
amplifying the tremor image (but not tremor itself), the visual system might be better capable 
to perceive the small amplitude tremor inherent to each limb segment. Furthermore, this type 
of reaction could potentially allow for greater control of the limb segment in question. This 
has not been conclusively demonstrated, as in a clear sense that augmented visual feedback 
would minimize finger tremor78. However, this amplification approach is broadly adopted in 
microsurgery, so as to maximize the accuracy and precision80. Most probably, while visual 
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feedback plays a role, other factors might be involved in tremor influence, such as the goal of 
the task, the number of the involved segments, the dexterity etc.  
    
Figure 5: reproduced with permission from Haubenberger and Hallett54 (New England Journal of 
Medicine, Copyright Massachusetts Medical Society): artistic representation of presumed pathways 
involved in the pathophysiology of ET: the cortico-ponto-cerebello-thalamo-cortical loop and the 
dentate nucleus-red nucleus-inferior olivary nucleus-dentate nucleus; are illustrated also the Vim, the 
zona incerta and the prelemniscal radiation, as areas successfully targeted in drug-resistant tremor  
 With regard to physiological tremor, Keogh et al.81 have investigated this feature, 
present in the upper limb of 8 adults, during performance of unilateral pointing task under 
conditions where the visual feedback, limb used and target size were altered. Postural tremor 
from the segments of the upper limb, forearm muscle electromyography (EMG) activity, and 
target accuracy measures were recorded and analyzed in the time and frequency domains. The 
authors concluded that physiological tremor output, observed in neurologically intact subjects, 
is not simply the product of intrinsic oscillations, but is task dependent and can be influenced 
by changes in the information provided to the subject. Changing the nature of the visual 
feedback resulted in increased tremor amplitude at the index finger. Furthermore, altering the 
nature of the visual feedback influenced tremor81.  
 With regard to tremor related to multiple sclerosis (MS) or cerebellar disorders, other 
studies suggested also that amplitude of postural tremor was influenced by changes in visual 
attention82, 83. Moreover, in ET, Gironell et al.70 analyzed 19 patients, while recording 
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neurophysiologic tremor with a tri-axial accelerometer transducer, attached to the dorsal 
surface of the index finger of the most affected hand. The authors concluded that tremor 
significantly improved in the absence of a visual feedback, in accordance with previous 
studies on MS83. Possible hypotheses remained a visual component of tremor, but also that 
visual feedback might increase patient anxiety, expanding also in turn muscle activity and 
therefore tremor70.   
 Interestingly, there is also prior evidence suggesting that the zona incerta (ZI, Figure 
5), one of the proposed surgical targets for ET (for details on surgical targets see section 
1.1.5.), could act like a link between the visual cortical sensory and brainstem motor system84. 
This might be also related to the fact that structurally, ZI is known to receive a contingent of 
fibers from the occipital cortex. Furthermore, the authors suggested that the occipito-incertal 
pathway is selectively involved in visually guided behavior84. More recently, the evidence of 
a visual subsector within the ZI has been added by Power et al.85. This particular report has 
studied rats and suggested that ZI may be in position to integrate visual information together 
with the other somatosensory, motor and visceral information that it receives. 
	
1.1.5.	Surgical	targets	for	drug-resistant	essential	tremor:	brief	overview	
 Primary treatment of ET is pharmacological [e.g., beta-blockers (mainly Propranolol), 
or Primidone, level A, established as effective86], but its efficacy remains rather inadequate 
for some of the patients87. In fact, 30% to 50% of them will not respond to either Primidone or 
Propranolol88. Drug-resistant ET can benefit from standard open functional neurosurgery 
procedures, including deep-brain stimulation (DBS)60 or radiofrequency thalamotomy (RF-
T)61, which are further detailed in section 1.6. When the former are contraindicated, or due to 
reluctance to have foreign material inside the brain, patients can benefit from minimally 
invasive procedures, such as RS15 or, more recently, high-focused ultrasound (HIFU, 
producing a controlled thermocoagulation)89, considered alternatives to RF-T.  
 The first surgical treatments for movement disorders were performed at the beginning 
of the 20-th century, with a large variety of surgical targets. In 1932, Bucy was claiming 
decrease of tremor after interrupting the pyramidal system, with important postoperative 
deficits90. In 1933, Putnam performed a posterolateral chordotomy and interrupted the 
proprioceptive input, in an attempt to decrease complications and relief tremor91. During the 
next decades, the methods used for interrupting basal ganglia’s circuitry continued to be 
lesional (e.g. mesencephalic tractotomy92, stereotactic mesencephalotomy93, anterior 
capsulotomy94, coagulation of the basal ganglia nuclei, including pallidotomies and 
thalamotomies). In 1947, Spiegel and Wycs introduced the human stereotaxy, providing a 
reproducible method of navigating to an intended surgical target95-97. In 1952, Irving 
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Cooper98, accidentally ligated the anterior choroidal artery, and the patient experienced tremor 
suppression, without motor loss during elective movement disorders surgery (e.g. 
mesencephalic pedunculotomy). In 1954, Hassler described lesionning of the ventral 
intermediate nucleus of the thalamus for parkinsonian tremor using stereotaxy99. In 1962, 
Guiot, who was working with Albe-Fessard, defined the Vim as an electrophysiological 
concept and further surgical target for intractable tremor37. However, the electrophysiological 
defined Vim is not identical with the entire Vim. The effects of surgery of the 
electrophysiological defined Vim are not necessarily totally restricted to the Vim itself, as 
defined cytoarchitectonically by Hassler, but could as well impinge on other subparts, such as 
the ventral oral posterior thalamic nucleus (Vop) or the subthalamic area. A very small RT 
lesion in this area, as small as 40 mm3, can alleviate tremor. In 1977,Velasco et al. proposed 
the posterior subthalamic area (PSA) as a surgical target for tremor100. In the early 1980s, 
Ohye pioneered the selective Vim thalamotomy101, 102. In 1987, Benabid et al. published the 
first results on DBS, which created a paradigm shift in the field of movement disorders103. 
More recently, the zona incerta (ZI, figure 5) and its neighboring anatomic structure, the 
prelemniscal radiation, both part of the PSA, have been suggested as more effective targets 
for DBS in ET104, 105. The proposed pathophysiological theories of these former targets are 
supposed to be related to direct modulation of the dentatorubrothalamic tract.   
  
1.1.6.	Surgical	therapeutic	approaches	for	drug-resistant	essential	tremor	
             Radiofrequency thalamotomy has been historically used since the early 1950s and is a 
stereotactic surgical procedure in which a small hole is made in the skull and then a lesion 
(destruction of cells) performed in the Vim106. The former immediately arrests tremor on the 
opposite side of the body. Because the surgeon requires the assistance and cooperation of the 
patient during the surgery, the patient is awake throughout the procedure. This treatment is 
not reversible. Main contraindications are dysarthria and severe balance disturbance. It has an 
efficacy ranging between 73%-93%, but also potential complications, particularly dysarthria 
and impaired balance, especially when the procedure was performed bilaterally. Recently, a 
randomized trial between thalamotomy and thalamic DBS for various tremors showed in both 
short- and long-term follow-up that both procedures were effective for tremor control, but 
thalamotomy had more side effects and resulted in less improvement in quality of life than 
DBS107. Among RF-T’s advantages are lower costs as compared to DBS, no hardware 
remains, long-term efficacy61, 108. However, persistent morbidity associated 
with thalamotomy, which occurs in fewer than 10% of patients, includes dysarthria, 
disequilibrium, weakness, and cognitive deterioration61, 108. Bilateral thalamotomy is 
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associated with a high risk of dysarthria, occurring in as many as 29% of patients, and a risk 
of cerebral hemorrhage, and is usually avoided61, 108. 
   Currently, continuous DBS is considered the reference technique and is an invasive 
treatment, involving the implantation of a medical device (e.g. brain pacemaker), which sends 
electrical impulses to specific parts of the brain (e.g. Vim for tremor, the subthalamic nucleus- 
for Parkinson’s disease). Despite the long history of DBS109, its underlying principles and 
mechanisms are still unclear110. It is currently considered that electrical stimulation disrupts 
tremorogenic oscillations in the previously described pathophysiological loops (e.g. “tremor 
network”). However, it is also acknowledged that excitatory reciprocal thalamocortical loop is 
possibly capable of amplifying oscillations of any origin111. Deep-brain stimulation directly 
changes brain activity in a controlled manner. Its effects are reversible (unlike those of 
lesionning techniques) and are one of only a few neurosurgical methods that allow blinded 
studies. Recently112, it has been shown in thalamic slices from mice, that DBS causes nearby 
astrocytes to release adenosine triphosphate (ATP), a precursor to adenosine (through 
catabolic process); in turn, adenosine 1 receptor activation depresses excitatory transmission 
in the thalamus, thus causing an inhibitory effect that mimics ablation or lesionning. Deep-
brain stimulation presents the risks of open surgical procedures (table 1), with major 
complications including hemorrhage and infections60, 107, 113-118. Neuropsychiatric side-effects 
are also described, such as apathy, hallucinations, compulsive gambling, hypersexuality, 
cognitive dysfunctions and depression, that are potentially reversible119. These are treated 
with clinical and neuroradiological surveillance, corticoids or even surgery in accessible and 
life-endangering hematomas.  
Intervention Efficacy Complications 
1. Vim RF-T  
 
73- 93% 
30-80% (MS) 
 
9-23% (PD) 
16-41%(MS) 
up to 4% intracerebral hemorrhage 
2. Vim DBS 
 
71-94% (PD) 
68-89% (ET) 
 
up to: 
- 36% paresthesias  
- 18% dysarthria 
- 9% dystonia 
- 8% balance disturbance and limb weakness 
- 6% ataxia 
- 4% intracerebral hemorrhage 
3. Vim GKR 73-93% 
 
0-8.4% 
Table 1 (*PD= Parkinson disease, ET= Essential tremor, MS= Multiple sclerosis): brief summary of 
the published data: as shown here, the rates of efficacy between Vim DBS and Vim GKR are quite 
similar, with lower complication rates and less invasiveness for the former; nevertheless, results are 
reported using heterogeneous methods and the targeting procedure-a crucial step- is operator-
dependent 
 
 As an alternative to Vim DBS, Vim GKR is primarily indicated for drug-resistant ET 
and Parkinsonian tremor, but also for other types of tremors, as secondary indications 
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(multiple sclerosis, post-infarction, post-encephalitis)120-123. Because of the fact that the 
clinical response of Vim GKR is delayed in time and appears gradually124, clinical and 
neuroradiological assessment is usually made at baseline, pretherapeutically, and is repeated 
at fixed intervals after (e.g. 3, 6, 9, 12, 18, 24 months and on yearly basis after122, 124, 125). The 
immediate clinical evaluation after the procedure shows no visible changes in symptoms124. 
The delay of improvement is usually around four months, ranging between three weeks and 
twelve months125. The success rate varies between 73 and 93%, with a low complication rate 
ranging between 0 to 8.4%, for authors using the same range of prescription dose (e.g. 130-
140 Gy)15, 126, 127. Radiosurgery of the Vim has provided level IV evidence126, including in the 
frame of prospective, single blind studies15. Favorable outcome has been documented on 
long-term basis, over 19 years: 93.2% improved in tremor, 60.3% tremor arrest or barely 
perceptible tremor127. At last follow-up (median 54 months), tremor improvement was 
sustained in 96% of patients with initial tremor relief127. Complications primarily include 
limited contralateral sensory loss or motor impairments, speech difficulties, hemorrhage and 
edema122-125. As an alternative to Vim DBS and more recently, Vim HIFU, which produces a 
controlled thermocoagulation, has emerged as a minimally invasive alternative15, 128. High-
focused ultrasound uses 1000 ultrasound rays for generating a focal lesion, which size and 
location are controlled via MR thermography, measuring in real time the temperature of the 
targeted area89. A recent meta-analysis of the surgical treatments for tremor considered 
that the mean effect on tremor reduction was similar between Vim RF-T, Vim GKR 
and Vim HIFU, for a follow-up period, which did not have a significant influence on 
treatment effect size slope129.  The same applied for the analysis of complications.       
 
 
 
 
Figure 6: Surgical interventions for drug-resistant 
essential tremor: upper part, invasive procedures, 
with electrode implantation inside the brain: 
electrical stimulation (left), radiofrequency 
thalamotomy (right); lower part, minimally 
invasive procedures: radiosurgery (left), high-
focused ultrasound (right), adapted from 
doi.org/10.1093/brain/awy096  
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 The thalamus was one of the first functional GKR targets, initially used by Leksell for 
the treatment of intractable pain of visceral origin, at the level of the dorso-medial nuclei 
group2. Nowadays, GK thalamotomy (also named Vim RS or Vim GKR or even stereotactic 
radiosurgical thalamotomy) refers to targeting of the Vim nucleus for drug-resistant tremor. 
Ventro-intermediate nucleus radiosurgery was pioneered in Sweden by Leksell’s 
colleagues130, 131, as well as in the United States132, in Japan124, and in Europe (Marseille, 
France)15, as an alternative to stereotactic RT or DBS. 
 In ET, GKR has five main limitations: (1) indirect targeting, with (2) no intraoperative 
confirmation of the target, (3) delayed clinical effect, (4) inability to predict the radiological 
response (which is considered to be related, in most cases, with the clinical one)133 and a (5) 
lack of understanding of its radiobiological effect.  
 (1) Indirect targeting:  
Current MR imaging techniques, both at 1.5 and 3 Tesla (T), do not allow Vim’s direct 
visualization (Figure 7). In this respect, the targeting is performed in indirect manner. For this 
former purpose, atlases can be used31, but also stereotactic coordinates, with respect to 
anterior and posterior commissure (AC-PC), as well as Guiot’s diagram134. However, none of 
the former account for inter-individual variability in target’s location135. Moreover, there is a 
lack of uniformity in the medical community.  
															 	
Figure 7: The thalamus appearance on T1 weighted imaging (right panel), with corresponding axial 
slice from the Schaltenbrand’s atlas (left)31, modified and adapted from Abosch et al.34; one can see 
the absence of intrinsic contrast for distinguishing different thalamic subparts, as the former appear 
like an homogenous region 
The atlases show several subgroups of thalamic nuclei, divided based upon 
histological appearance on post mortem specimens31, but also by using electrophysiology134 
or in vivo anatomical studies25. The main limitation of this parcellation comes from the 
reduced number of subjects and/or post-mortem specimens. Additionally, the same applies to 
how we can best normalize atlas-derived coordinates to a specific patient’s brain. The 
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stereotactic coordinates, as well as the Guiot, are defined based upon anatomical landmarks, 
including the anterior and posterior commissure (AC and PC). Moreover, there is a variability 
in the location of thalamic nuclei in humans136. Also, the dimensions of structures, such as the 
Vim, are very small, measuring, in its case, 2-4 mm (antero-posterior), 7-10 mm (dorso-
ventral) and 4-6 mm (medio-lateral). No consensus exists regarding a “gold standard” 
targeting method, which accounts for an important variability. In this regard, there is a need of 
improving the targeting.  
With these limitations, Vim GKR procedures (Figure 8) are performed in stereotactic 
conditions. After application of Leksell® coordinate G Frame (Elekta AB, Stockholm, 
Sweden), all patients undergo stereotactic MR imaging. Indirect targeting is performed using 
standard methodology by Guiot’s diagram, placed 2.5 mm above the AC-PC line and 11 mm 
lateral to the wall of third ventricle. A single 4-mm isocenter was used and a maximal 
prescription dose of 130 Gray (Gy) at the 100% isodose line. 
 
Figure 8: targeting of the ventro-intermediate nucleus of the thalamus by radiosurgery: a, use of non-
stereotactic DTI, to visualize the internal capsule and limit the irradiation doses towards this 
structure; b, the quadrilatere of Guiot; c, the placement of a unique 4-mm shot, with the isodoses of 90 
and 15 Gy colored in green 
 (2) Absence of the intraoperative confirmation of the target:  
 In the standard surgical procedures, such as Vim RT or DBS, there is the possibility of 
the intraoperative confirmation of the target, by the means of electrophysiology. As shown by 
previous studies, there is a difference between the “radiological” obtained Vim and the 
“electrophysiological” confirmed one, as high as 2 mm in approximately 35% and 1 mm, 
respectively, in 65% of the cases137, which can account for different clinical results. This 
becomes particularly crucial in non-invasive techniques, such as Vim GKR. With regard to 
Vim GKR, there is no real intraoperative confirmation of the target.  
 (3) Delayed clinical effect: 
 The mean latency period till tremor alleviation after Vim GKR can be as high as 4 
months (range 3 weeks, 12 months)15. Contrariwise, after DBS, tremor arrest is immediate. 
 (4) The inability to predict the MR signature at one year after Vim GKR (Figure 9): 
This last aspect might have clinical implications with regard to tremor arrest. Unpublished 
data from the Marseille group133 advocated for a correlation between the 1-year MR signature 
volume and the clinical outcome at one-year follow-up. Mainly, patients who fail to 
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improve after Vim GKR would display a significantly smaller, thalamic, 1-year MR signature 
volume, although undergoing a standard procedure. However, this fact should be cautiously 
interpreted, as other, much complex factors, might be involved. The shape of the lesion is 
described as typical (a spherical, high signal zone, with a blurred boundary and a central low-
signal zone; approximately 5 mm diameter) or atypical (the central, low-signal zone is small 
and surrounded by a doughnut-shaped high-signal zone; approximately 10 mm diameter). 
Ohye et al.138 suggested that atypical lesions could be associated with patient’s age, cortical 
atrophy or symptom type (tremor, rigidity or dystonia) and hypothesized that increased 
radiation dose rate of Cobalt-60 sources may be responsible for this phenomena. Most of the 
patients will have a small reproducible lesion, some patients will show minimal changes on 
follow-up MR, while others might present string-like reactions along the border of the 
thalamus and along the internal segment of the globus pallidus. The former have larger MR 
signatures, which usually extend to the internal capsule or medial thalamic region, often 
involving streaking along the thalamo-capsular border. This might correspond to a population 
of “hyper-responders”. Ohye et al. suggested that 2% of the population might be 
hypersensitive to irradiation, although no predictive or risk factor has been identified. Thus, 
large individual variations were observed in response to Vim GKR 123, 124, 139. The same 
author 140 reported no correlation between these tissue reactions and tremor outcome. 
Kondziolka et al. studied the possible modulation of the response to GK using aminosteroid 
U-74389G, and showed that it reduces cytokine expression, normally seen after radiation 
injury 141.
 
Figure 9: a, minimal MR signature; b, the classical “cocade” aspect; c, larger MR signature 
(5) Lack of understanding of the radiobiological effect: 
In fact, Vim GKR has no access to tissue for histological analysis, and follow-up is 
done on imaging only, which limits the knowledge of its biological therapeutic effect. Past 
histological evidence has been mainly limited to very few reports (Figure 10), of whom one is 
the historical series of GK thalamotomy performed by Leksell for intractable pain and further 
reported by Steiner et al.131. The radiation doses used were much higher, as compared to what 
we currently prescribe (e.g. 130 Gy), while the reported error of the target placement, as 
matched to the final result was as low as 1 mm. Furthermore, Leksell’s view of the GK was 
clearly initially intended to mimic the lesional effects of a surgeon’s knife, hence the name 
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given to the radiosurgery device. The second histological study by Kondziolka et al.142 
evaluated the effect of a 100 Gy irradiation dose in the baboon. The authors concluded that 
radiosurgery at this dose (e.g. lower than in current clinical practice in Vim GKR), generates 
focal necrosis and axonal degeneration of the thalamus, 6 months after the procedure. More 
recently, the “cocade theory”21 advocated for a neuromodulatory effect of Vim GKR, while 
considering four different zone in and around the target: necrotic, subnecrotic, 
neuromodulation and no effect. In the same sense, Ohye140 was the first to suggest in early 
2000 that only the necrotic lesion itself was not enough to impact on tremor alleviation. In 
addition, he sustained the idea that the MR signature’s size, clearly visible one year after Vim 
GKR and induced by the former, was too small to account for the benefic clinical effect. 
 
Figure 10: a, adapted from Steiner et al.131, first human autopsies after thalamotomy for pain; 
reproduced with permission from Springer Nature b, adapted from Kondziolka et al.142, 6 months after 
baboon irradiation, with 100 Gy, ventral thalamus (main image: hematoxylin and eosin stain, 
showing thalamic tissue within the radiosurgical target, with vascular hyalinization and wall 
thickening typical of radiation vasculopathy being prominent; secondary image, MRI of the irradiated 
zone); reproduced with permission form Karger Publishers 
1.1.8.	Addressing	Vim’s	GKR	limitations	using	magnetic	resonance	imaging 
 In this thesis, we will explore several MRI modalities to answer the above-described 
limitations. The limitation related to the indirect targeting will be addressed using ultra high 
field MRI (7 T). The core of the present thesis, which is the understanding of the 
radiobiological effect of Vim GKR, will use structural (T1 weighted, T1w) and functional 
MR imaging. The state-of-art related to MR imaging in ET and methods used to analyze them 
are briefly described here after.  
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1.2.	Neuroimaging	context		
1.2.1.	Ultra	high	field	7	T	MRI	for	thalamic	nuclei	visualization		
During the past decade, a new usefulness of 7 Tesla images in functional stereotactic 
neurosurgical procedures (e.g. DBS) emerged, as advocated in several previous studies34, 143.  
In particular, Susceptibility Weighted Imaging (SWI) is an MR technique, which 
generates a unique image contrast, based on tissue sensitivity to magnetic susceptibility 
effects144, 145. The term magnetic susceptibility, in a broader sense, is used to describe the 
degree of magnetization in an object resulting from an external field146. Recent studies 
suggest that anatomical deep gray matter structures are better visible on 7 T MRI sequences, 
especially on susceptibility weighted imaging (SWI), but not only, as compared with the 
currently used 3 T in clinical practice34, 143, 147, 148. This could be of particular benefit, 
especially for minimally invasive techniques, such as GKR, due to the indirect targeting 
manner, with no intraoperative confirmation of the target by electrophysiology (e.g. for Vim 
GKR). Moreover, GKR uses a multimodal imaging approach, based upon, if possible, a direct 
visualization of brain structures and the targeting, with the one exception of Vim GKR.  
 The advantages of using MR images acquired at 7 T (with higher magnetic strength 7 
T) is not only the improvement of resolution and the SNR, but also the gain of a superior 
sensitivity to contrast of magnetic susceptibility origin, that allows a better identification of 
various structures in the mid brain’s area, not distinguished at 1.5 Tesla or 3 T. Susceptibility 
related contrast can be explored either via SWI149 or by quantitative susceptibility mapping 
(QSM)150.  
 In fact, SWI at 7 T allows the direct visualization of the main thalamic regions and the 
distinction from their surroundings. In the framework of a standard gradient echo imaging, 
SWI is built as a combination of MRI’s signal’s magnitude and phase, both strongly affected 
by the magnetic susceptibility and the tissue geometry. Several tissues, including de-
oxygenated blood vessels, axonal lesions, air/tissue interface, as well as the calcium and iron-
laden tissue, manifest unique magnetic susceptibility differences with respect to its 
surroundings146. Consequently, for these tissues, SWI provides a more enhanced contrast than 
the standard T1, T2 or T2*-weighted imaging. Furthermore, it also provides a better 
visualization of deep brain structures, as previously stated. Another potential benefit of the 7 
T SWI scanning is the high isotropic resolution (0.67 x 0.67 x 0.67 mm3), which would help 
provide more accurate segmentation and, as consequence, a differentiation of smaller details, 
as compared to the ones detected in the diffusion MR data.  
 Current indications include brain tumors, multiple sclerosis, cerebrovascular disease, 
epilepsy and aging related changes151-155. A recent emergent field is represented by 
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neurodegenerative disorders156, 157. The main limitations remain the inhomogeneous field, 
cost, limited availability and extensive contraindication for scanning154.  
In the field of functional neurosurgery, Abosch et al.34 (Figure 11) were the first to 
explore the usefulness of the SWI, acquired at 7 T, in vivo, mainly as related to different basal 
ganglia subparts and with special interest for the subthalamic nucleus (STN). In fact, SWI 
clearly allowed the separation of globus pallidus intern from the globus pallidus extern and 
showed a boundary between the STN, the substantia nigra and the red nucleus. At the level of 
the AC-PC plane, a comparison with histological landmarks, such as those from the 
Schaltenbrand and Wahren’s atlas158 and a contrast modulation within the thalamus was 
considered to be able to directly determine the shape and the location of the pulvinar (Pu), the 
ventral caudalis (Vc), and seemed also of real value for Vim’s visualization. The former 
appeared as a well-distinguishable structure, hyperintense, surrounded by darker regions.  
The underlined observations have a qualitative character and were made based on data 
from a single subject. However, this work was a pioneering one, with respect to a direct 
discrimination of subparts of the complex thalamic architecture.                                   
          	
Figure 11: a, image extracted from Abosch et al.34, showing SWI acquisition thalamic level  
(axial slice, right side); b, image acquired on a healthy subject at Center of Biomedical Imaging 
(CIBM), Lausanne, Switzerland, showing different thalamic subparts, including the Vim (courtesy and 
draw by E. Najdenovska) 	
1.2.2.	3	T	MRI	for	exploring	the	radiobiology	of	radiosurgery	
 Structural neuroimaging approaches using conventional (1.5 and 3 T) MRI have 
provided new understanding with regards to tremor’s pathophysiology in general, as well as 
to ET in particular69. Computational approaches for analyzing high-resolution structural MRI 
(e.g. T1 weighted) can provide a powerful and non-invasive tool for characterizing individual 
and/or group differences in brain anatomy159.   
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1.2.2.1.	Voxel-based	morphometry   
1.2.2.1.1.	General	aspects	
 Voxel-based morphometry (VBM) is a neuroimaging analysis technique, which allows 
investigating focal differences between groups of subjects in white or gray matter (GM), by a 
well-established and robust methodology159. In this thesis, Statistical Parametric Mapping is 
performed using MATLAB 2014a, 2014 (MathWorks, Boston, MA, USA) was employed for 
processing and analyzing the T1w MRI data. 
In a nutshell, the anatomical MR images were normalized to the Montreal 
Neurological Institute (MNI) atlas, with voxel-size of 2 × 2 × 2 mm. The normalization 
procedure allows the warped images to fit into a standard template brain. Furthermore, this 
establishes a voxel-to-voxel correspondence, between brains of different individuals and 
different shapes. It will enable to drive group statistics and to report the results in a standard 
coordinate system (e.g. MNI, which is based upon data from many individuals and is fully 
3D, with data at every voxel; Figure 12).  
They were further segmented in GM, white matter and cerebro-spinal fluid. 
Furthermore, they were spatially smoothed using a 8-mm full-width-at-half-maximum 
(FWHM) Gaussian Kernel in SPM12, to blur individual variations in gyral anatomy and to 
increase the signal-to-noise ratio. The smoothing procedure enables the subsequent voxel-by-
voxel analysis, comparable to a region of interest approach, as the voxel will contain the 
average concentration of gray matter from around the voxel (where the voxel is characterized 
by the form of the smoothing kernel). The former is often referred as to GMD. In a structural 
MRI of the brain, the intensity of each volumetric pixel, or voxel, relates to the density of the 
gray matter in that region. The VBM technique is, in this sense, comparing brain structure on 
a voxel-by-voxel basis. After the classical preprocessing steps, the intensity values of the 
voxels are compared, to identify localized differences in GMD159. A statistical model, adapted 
to the research question, can be used and further applied to the neuroimaging data.
	
Figure 12: Preprocessing steps for VBM analysis: a, initial T1 weighted image; b, normalized 
images; c, gray matter extraction; d, smoothed image; e, final cluster (data from patients treated in 
CHU Timone, Marseille) 
	 33	
1.2.2.1.2.	VBM	in	essential	tremor	
 With regards to ET, VBM has been used for analyzing T1w imaging acquired at both 
1.5 and 3 T MRI, with large spectrum of controversial findings160-168. However, all these 
studies have compared ET cases versus a group of healthy controls (HC). Daniels et al.164 
suggested that patients with predominant intention tremor show a relative expansion of GM 
areas involved in high order visuo-spatial processing (superior temporal, hippocampus, 
supramarginal gyrus, middle occipital); the authors hypothesized the existence of an adaptive 
mechanism, compensating the high demands of the visuo-spatial control of skilled movements 
in case of tremor. Quattrone et al.168 advocated that patients with head tremor presented 
marked atrophy of the cerebellar vermis. Cerasa et al.163 reported a reduction of the cerebellar 
volume in ET patients with and head tremor. Benito-Léon et al. 161 have suggested multiple 
GM changes, at 3 T, in the bilateral cerebellum, bilateral parietal lobes, right frontal lobe and 
right insula. Bagepally et al.160 advocated for widespread areas of GM atrophy in ET, 
including bilateral cerebellum and vermis, bilateral frontal, right superior parietal, middle 
temporal and occipital. Lin et al.166 have found atrophy in ET within the caudate body, the 
middle temporal pole, precuneus or the superior temporal gyrus. Buijink et al.162 
demonstrated a volume increase in cortical sensorimotor regions (bilateral precentral and 
postcentral) in ET patients with head tremor. Nicoletti et al.167 found no white or gray matter 
atrophy in ET. 	
1.2.2.2.	Resting-state	functional	MRI	
1.2.2.2.1.	General	aspects		
 Functional MRI (fMRI) offers the possibility to safely and noninvasively image brain 
activity, with low spatial resolution and relatively good temporal resolution, as compared to 
other previous functional neuroimaging methods, such as positron emission tomography 
(PET). It is also evident during rest, despite the absence of a task-related cerebral activation, 
enabling the extraction of brain intrinsic connectivity networks169. Resting-state functional 
magnetic resonance imaging (rs-fMRI) is a non-invasive technique that analyses spontaneous 
fluctuations of the blood-oxygen-level-dependent (BOLD) signal169, corresponding to 
spatially segregated functional networks. Thus, it observes functional changes in the brain 
without requirement of a specific task, precluding the inadequacies of the task-designed 
fMRI. The intrinsic functional brain signals can be obtained with minimal patient compliance, 
which opens new avenues for the application of fMRI in the clinical realm170. The main 
condition of resting-state is related to conscious and unconscious brain activity, which 
happens without premeditation or external stimulus. This is having as premise the fact that 
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brain is active even in the absence of a task, primarily driven by internal dynamics, with 
external events modulating, rather than determine, the activity of the system171. 
There are two important aspects about the hemodynamic response that underlie basic 
qualities of BOLD fMRI (Figure 13) and further determine how the data should be analyzed. 
The first one is that the response is slow: although neuronal activity may last only 
milliseconds, the increase in blood flow that follows this activity takes about 5 seconds to 
reach his maximum; this peak is followed by a long undershot that does not return to baseline 
for at least the next 15-20 seconds. The second one is that the hemodynamic response can be, 
to a first approximation, be treated as a linear time-invariant system172. Mainly, a long train of 
neuronal activity can be determined by adding together shifted versions of the response to a 
shorter train of activity; the latest makes possible the creation of an upfront statistical model, 
describing the time course of hemodynamic signals that would be expected given some 
particular time course of neuronal activity, using convolution. Functional connectivity (FC; or 
interconnectivity (IC), if measured within the same network), as measured by correlations 
between time courses of the fMRI signals between segregated brain regions, has previously 
revealed neurological networks, including the motor one, such as in the seminal study of 
Biswal et al.169. Evaluation of such connectivity offers an alternating approach for studying intrinsic 
networks interactions of the human brain. This approach has led to important new insights in many 
diseases, including in ET55, 56, 173, 174, due to minimal patient cooperation and the possibility to obtain 
rich information, in a non-invasive manner175. Numerous methods to extract functional connectivity or 
inter-connectivity (IC)—if within a functional network—have been suggested to measure temporal 
dependencies of neuronal activation between anatomically separated brain regions. Recent work in 
systems neuroscience has characterized several major brain networks that are identifiable in resting 
brain state176. The general clinical applications drive from obtaining diagnostic biomarkers of a 
disease, identifying group differences of the former, or the effect of a punctual treatment in 
longitudinal analysis etc170. 	
 
Figure 13: Artistic illustration of how 
we can pass from the neuronal activity to 
fMRI BOLD response (Courtesy of the 
USC Laboratory of Neuroimaging and 
Athinoula A. Martinos Center for 
Biomedical Imaging, Consortium of the 
Human Connectome Project- 
www.humanconnectomeproject.org) 					
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1.2.2.2.2.	Resting-state	fMRI	studies	in	ET	
There are only a few observational rs-fMRI studies in ET56, 174, 175, 177, 178. They are 
summarized in table 2. Benito-Léon et al.175 used an independent component analysis (ICA, 
further detailed below) based approach to study resting-state networks, while the other reports 
use other methodologies, mainly to specifically probe the cerebello-thalamo-cortical 
network179. Benito-Léon et al.175 suggested that compared to HC, ET patients displayed 
increased FC in the sensorimotor and salience networks, and decreased FC in the cerebellum 
network; additionally, increased FC was observed between anterior and posterior default 
mode networks (DMN). Fang et al.56 used a seed based approach and advocated that ET and 
HC cases share a similar Vim network, with changes in ET involving primarily the motor 
cortex (increase in FC)-cerebellum circuit. The same author used a different approach (e.g. 
regional homogeneity, ReHo)177 and observed abnormal ReHo value of ET patients in the 
bilateral anterior cerebellar lobes and the right posterior cerebellar lobe were negatively 
correlated with the tremor severity score, while positively correlated with that in the left 
primary motor cortex. Using a seed-to-voxel connectivity analysis, Lenka et al.174 showed 
decreased connectivity main of primary motor cortex with several cerebellum lobules, while 
compared to HC; furthermore, the thalamus on both hemispheres had increased connectivity 
with multiple posterior cerebellar lobules and vermis. Yin et al.178 used amplitudes of low 
frequency fluctuation (ALFF) and demonstrated that patients showed significantly enhanced 
ALFF in the bilateral cerebral cortex, which is related to motor function, including the pre- 
and post-central gyrus, supplementary motor area and paracentral lobule; the larger ALFF 
value in the right precentral gyrus is related to a longer duration of tremor.  
Study (year) Methodology Findings 
Fang W et al. (2013)177 Regional homogeneity abnormal ReHo values in: 
-bilateral anterior cerebellar lobes  
-right posterior cerebellar lobe  
*negatively correlated with the tremor 
severity score 
*positively correlated with that in left 
primary motor cortex 
Gallea et al. (2015)173 Combined DTI, VBM, 
fMRI 
Changes in supplementary motor area 
(ALFF) 
Fang W et al. (2016)56 Seed (region-of-interest) 
based approach 
ET and HC cases share a similar Vim 
network, with changes in ET  
involving primarily the motor cortex 
(increase in FC) -cerebellum circuit 
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Benito-Leon J et al. 
(2016)175 
Independent component 
analysis (ICA) 
- compared to healthy control, ET patients 
displayed increased FC in the sensorimotor 
and salience networks, and decreased FC in 
the cerebellum network; - additionally, 
increased FC was observed between anterior 
and posterior default mode networks 
Yin W et al. (2016)178 Amplitudes of low 
frequency fluctuation 
(ALFF) 
- ET patients showed significantly enhanced 
ALFF in bilateral cerebral cortex, which is 
related to motor function, including the pre- 
and post-central gyrus, supplementary motor 
area and paracentral lobule  
- the larger ALFF value in the right 
precentral gyrus is related to a longer 
duration of tremor 
Lenka et al. (2017)174 Seed-to-voxel - decreased connectivity main of primary 
motor cortex with several cerebellum lobules, 
while compared to HC ; 
- the thalamus on both hemispheres had 
increased connectivity with multiple 
posterior cerebellar lobules and vermis 
Table 2: main findings from previous rs-fMRI studies in ET 
1.2.2.2.3.	Resting-state	fMRI	processing	(pipeline) 
The analysis of fMRI data is not straightforward. This is made complex by a certain 
number of factors, including: (1) data is subject to artifacts (caused by head movement); (2) 
there is variability in the data, which includes both between individuals and across time 
within individuals; (3) the dimensionality is very large, fact that implies a number of 
challenges, compared to small datasets with whom many scientists are familiar to work with. 
No matter the clinical context, but especially in patients with movement disorders, which was 
the case of those examined by the candidate in the frame of the present thesis, a quality 
control to ensure that artifacts do not corrupt data remains mandatory.  
An overview of the general linear model is further detailed. The rs-fMRI 
preprocessing pipelines (including scrubbing) developed by the candidate in the frame of the 
present thesis (LTS-5, EPFL/Miplab, Campus Biotech) are further detailed in what follows.  
 
1.2.2.2.4.	The	general	linear	model	
 The goal of an fMRI analysis is to analyze each voxel’s time series, so as to see 
whether the BOLD signal changes or not during time. The tool, which is used to fit and detect 
this variation, is the general linear model (GLM), where the BOLD time series plays the role 
of a dependent variable, and the independent ones in the model reflect the expected BOLD 
stimulus time courses. Two aspects are important: one is to create GLM predictors that will 
model the BOLD signal as accurately as possible and the second is to model and to account 
BOLD noise and other sources of variation in the fMRI time series. The GLM is named 
“general”, as it can be used for correlations, one-sample t-test, two-sample t-tests, analysis 
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of variance (ANOVA), or analysis of covariance (ANCOVA). We briefly present the GLM 
and its related aspects, such as parameters estimations, hypothesis testing and model setup for 
these various types of analyses.  
 The GLM methodology to fMRI data is primarily based on the premise that the 
hemodynamic response is a linear transformation of the underlying neuronal signal. The 
simplest model is a simple regression, containing a single independent variable: Y=beta 0 + 
beta1X1. Linear regression models the linear relationship between a single dependent 
variable, Y, and a single independent variable, X, using the equation: 
    Y = βX + c + ε 
The regression coefficient, β, reflects how much of an effect X has on Y; ε is the error term 
and is assumed to be independently, identically, and normally distributed (mean 0 and 
variance σ2). Multiple regression is used to determine the effect of a number of independent 
variables, X1, X2, X3 etc, on a single dependent variable, Y. The different X variables are 
combined in a linear way and each has its own regression coefficient: 
  Y = β1X1 + β2X2 +…..+ βLXL + ε 
 The β parameters reflect the independent contribution of each independent variable, X, 
to the value of the dependent variable, Y (i.e. the amount of variance in Y that is accounted 
for by each X variable after all the other X variables have been accounted for).  
 This is simply an extension of multiple regression or alternatively multiple regression 
is just a simple form of the GLM. Multiple regression only looks at one dependent (Y) 
variable, whereas GLM allows us to analyse several dependent Y variables in a linear 
combination (i.e. multiple regression is a GLM with only one Y variable). In the GLM the 
vector Y, of J observations of a single Y variable, becomes a matrix, of J observations of N 
different Y variables. An fMRI experiment could be modeled with matrix Y of the BOLD 
signal at N voxels for J scans. However SPM takes a univariate approach, i.e. each voxel is 
represented by a column vector of J fMRI signal measurements, and it processed through a 
GLM separately (this is why we then need to correct for multiple comparisons). 
 The use of the GLM in different methodologies is presented below, with regards to 
each research project developed in Miplab (Campus Biotech).  
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     	 					2	
	 	 						Thesis	objectives	
 
The main objectives of the present thesis are: 
In this thesis, we will explore two major limitations related to the targeting and the understanding 
of the radiobiology of radiosurgery for tremor. We first explore direct visualization of the Vim 
based on ultra high field 7 T MRI. The central core of the thesis is related to a better 
understanding of the radiobiology, using VBM and rs-fMRI analysis. 
2.1.	To	address	the	limitation	of	indirect	targeting	(with	E.	Najdenovska,	PhD)	
2.1.1.	indirect	landmarks	of	Vim	localization	(radiatio	prelemniscalis,	RAPRL)	
This was initially evaluated on a cohort of 32 patients, treated with left unilateral Vim RS. An 
extension of this cohort included 200 cases, for which the coordinates of the targeted Vim, as well 
as those of the RAPRL, have been extracted by the candidate. This former part is a work in 
progress. 
2.1.2.	 Direct	 targeting	 at	 7	 Tesla.	 We	 have	 explored	 direct	 Vim’s	 manual	 delineation	 on	
susceptibility	 weighted	 images	 (SWI);	 correlation	 with	 the	 quadrilatere	 of	 Guiot	 and	 other	
multimodal	Vim	segmentation	methods	
A comparison between 4 methods of Vim’s definition has been performed: manual delineation on 
7T SWI, targeting using the quadrilatere of Guiot (the candidate), 3T diffusion-based 
segmentation methods of motor nuclei and multi-atlas delineation employing the SWI features (E. 
Najdenovska).  
2.2.	Understanding	the	radiobiology	of	Vim	radiosurgery		
2.2.1.	 Voxel-based	morphometry, for whom the statistical approach and respective results are 
further detailed below in chapter 3.  
Two types of methodology have been employed: one was exclusively based on pretherapeutic 
GMD, attempting to predict the 1-year clinical response; the other considered longitudinal 
changes in GMD 1 year after Vim RS, as well as their interaction with clinical effect.  
2.2.2.	Resting-state	functional	MRI,	for whom the statistical approach and respective results are 
further detailed below in chapter 3. 
Three methodological types have been employed: (1) only using pretherapeutic data, attempting 
to predict the 1-year clinical response (using ICA and seed-to-voxel, further detailed below); (2) 
using changes in FC and IC between pretherapeutic and 1 year after Vim RS, in interaction with 
clinical effect (using ICA and seed-to-voxel); (3) discussing dynamic FC, using connectivity 
activation patterns (CAP).  
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       	 	 	3	
Addressing	the	limitations	of	targeting	
 
Publications related to this particular chapter: 
 
a- Peer-review papers:  
a.1. “Imaging of the Ventral Intermediate Thalamic Nucleus at 7T” 
(Journal of Scientific Reports, Nature, under review) 
E. Najdenovska, C. Tuleasca (equally contributor as first author), J. Jorge, P. Maeder, J. P. 
Marques, T. Roine, D. Gallichan, J.-Ph. Thiran, M. Levivier and M. Bach Cuadra  
a.2. “Towards an automated segmentation of the ventro-intermediate thalamic nucleus” 
Proceedings, CLIP workshop on the 20-th International Conference on Medical Image 
Computing and Computer Assesed Intervention (MICAAI), in September 2017; 
E. Najdenovska, C. Tuleasca, J. Jorge, P. Maeder, J.-Ph. Thiran, M. Levivier and M. Bach 
Cuadra; CLIP workshop on the 20-th International Conference on Medical Image Computing 
and Computer Assesed Intervention (MICAAI), in September 2017; 
 
b- Abstracts presented in oral or poster form, as preliminary reports: 
b.1. “Gamma Knife radiosurgery of the Vim: segmentation of the thalamus, pilot study 
with simulation of targetting on 7 Tesla images and preliminary results in 3 consecutive 
cases” (poster presentation) 
C. Tuleasca, E. Najdenovska, J. R. Marques, L. Xin, F. Vingerhoets, J.-Ph. Thiran, M. Bach-
Cuadra and M. Levivier; Local MD-PHD retreat, 2013, Ecole Polytechnique Fédérale de 
Lausanne, Switzerland 
b.2. „Ultra-high field (7 Tesla) MRI for Gamma Knife surgery targeting of the ventro-
intermediate nucleus: a pilot in vivo study” (poster presentation) 
C. Tuleasca, E. Najdenovska, L. Xin, J. R. Ferreira Marques, F. Vingerhoets, J.-Ph. Thiran, M. 
Bach Cuadra and M. Levivier; Joint Annual Meeting of the Swiss Society of Neurosurgery, 
Neurology and Neuropsychology, juin 2014, Zurich, Suisse; 
b.3. “Vim’s anatomical landmarks: indirect targeting versus direct visualization“ (oral 
presentation)  
E. Najdenovska, C. Tuleasca, J. R. Marques, J. Jorge, D. Gallichan, P. Maeder, J.-Ph. Thiran, 
M. Levivier, M. Bach Cuadra; «13th International Stereotactic Radiosurgery Society 
Congress», June 2017, Montreux, Switzerland 
b.4. „Ultra-high field (7 Tesla) MRI for Gamma Knife surgery targeting of the ventro-
intermediate nucleus: a pilot in vivo study” (poster presentation) 
C. Tuleasca, Elena Najdenovska, Linjing Xin, José Rebelo Ferreira Marques, Francois 
Vingerhoets, Jean-Philippe Thiran, Meritxell Bach Cuadra and Marc Levivier; Annual 
meeting of the French Speaking Neurosurgical Society (SNCLF), December 2014, Paris, 
France 
b.5. „Ultra-high field (7 Tesla) MRI for Gamma Knife surgery targeting of the ventro-
intermediate nucleus: a pilot in vivo study on 5 healthy subjects and 2 patients” (oral 
presentation) 
C. Tuleasca, E. Najdenovska, L. Xin, J. R. Ferreira Marques, F. Vingerhoets, J.-Ph. Thiran, M. 
Bach Cuadra and M. Levivier; 12-th International Stereotactic Radiosurgery Society Congress 
(ISRS), June 2015, Yokohama, Japan; Journal of Radiosurgery and SBRT, Volume 3, 
Supplement 1, page 149 							
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3.1.	Indirect	landmarks:	prelemniscal	radiation	(unpublished	data)	
 New imaging modalities, such as diffusion tensor imaging (DTI) and colored 
fractional anisotropy (FA) mapping, enable visualization of the fiber tracts surrounding deep 
brain structures (e.g. basal ganglia). Thus, they can potentially be used to improve our 
abilities to accurately locate deep brain targets, including the antero-lateral thalamus, and 
further its subparts, such as the Vim180. During the past two decades, new approaches have 
been developed, to automatically segment thalamic nuclei, based upon DTI181-183. Magnetic 
resonance diffusion tractography (also called probabilistic tractography) and colored FA maps 
can be used to visualize white matter fibers in vivo and have many applications in 
neurosurgery32. Water diffusion within white matter is directionally dependent, which allows 
the generation of FA anisotropic maps and evaluation of associated movement vectors32. 
Indeed, FA maps can clearly identify major white matter bundles that are not otherwise 
readily discernable on the classical T1- and T2- weighted images32, 33. Probabilistic 
tractography can be used to establish the structural connectivity profile of major thalamic 
target nuclei (and particularly the motor group, which includes the Vim) prior to functional 
neurosurgery181, 182. Although some authors claim that the Vim nucleus can be identified with 
this technique, as part of the dento-rubro-thalamic tract184, the extensive post-acquisition data 
processing is not currently compatible with routine Vim RS planning software and these 
techniques have yet to be validated in the clinic realm, on much larger cohort of patients. 
 We analyzed the possibility to use the stereotactic position of the radiation 
prelemniscalis (prelemniscal radiation, RAPRL, Figure 4, Figure 14) on colored FA mapping, 
and to correlate this position, as distance to the Vim, with safety and efficacy of the 
procedure. Our purpose was to investigate if these FA mapping can help to locate the Vim 
nucleus by identifying its borders, particularly the RAPRL, which lies below and behind the 
nucleus. This research has been based on the preliminary work from the Marseille’s group, by 
Lefranc et al.180. The main purpose was to find an indirect anatomical landmark, for Vim 
localization, which can be easily visualized. The RAPRL are located within the widest tract in 
this region. All the fibers run obliquely in a postero-inferior to antero-superior direction and 
thus form a funnel. These fibers arise in the mesencephalic reticular nuclei, pass through the 
substantia nigra to the thalamus (the Vim and ventral oralis anterior and posterior - Voa/Vop 
nuclei), ascend between the red nucleus, the subthalamic nucleus and the ZI and terminate 
within the Vop and Vim thalamic nuclei185. 
 In an initial cohort of 32 patients, we have extracted the stereotactic coordinates for 
the RAPRL and the Vim RS isocenter. Postherapeutic clinical data, including the tremor score 
on the treated hand, as well as the radiological data (type of response as from the Marseille’s 
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experience: hypo-, normo- and hyper-responders133) were added.   
																									 	
Figure 14: Illustration of an FA map, with the internal capsule, the Vim RS isocenter and the RAPRL 
location, in a patient treated in Marseille (CHU Timone), France 
 In this small cohort, we did not find any relationship between the position of the Vim 
RS isocenter as related to the RAPRL and the safety-efficacy (unpublished data). However, 
there were only 3 hyper-responders, making difficult a real evaluation of toxicity. These 
results encouraged us to continue this part of the project. The candidate had made a data 
collection in an extended cohort (patients treated in CHU Timone, Marseille, France), 
composed of 200 cases. The 1-year clinical and radiological data of this cohort are pending 
and are supposed to be a part of future analysis.  
 In our opinion, the RAPRL appears to be a reliable landmark of the inferior, posterior 
and medial parts of the Vim nucleus. Our present results demonstrate that the identification of 
the RAPRL on a colored FA map can provide very helpful and valuable information, as well 
as precise coordinates for the Vim nucleus targeting (particularly the y and z values). 
However, RAPRL accurate identification and location essentially depends on the contrast on 
the FA images, which is not always easy to tune. Furthermore, even at the same level of 
contrast, this landmark does not itself appear in a congruent manner in each individual patient. 
Even though FA maps can be routinely incorporated (and without additional data processing) 
into GKR planning software and can provide additional information for targeting, the 
neurosurgeon must bear in mind that this imaging modality has three major limitations: 
imaging distortions, imaging resolution, and the need for image co-registration/fusion. Firstly, 
FA mapping is particularly sensitive to magnetic field inhomogeneity, that can be source of 
significant distortion184, 186. Secondly, a dedicated head coil is mandatory for an acceptable 
balance between spatial resolution and the signal-to-noise ratio. These two aspects make it 
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impossible to use a stereotactic frame with this sequence. Thirdly, and as a consequence to the 
previous point, it is mandatory for us to co-register the FA mapping dataset with a stereotactic 
MRI dataset (e.g. the stereotactic reference) acquired on the day of Vim RS.  
 With the current state-of-art, the FA map can only provide additional information, if 
the quality of image co-registration process has been rigorously verified. Moreover, and as 
previously stated, it is well known that this type of registration process can reduce the 
accuracy of target identification. As it is difficult to quantify the extent of this former error, 
which may differ from one patient to another, the stereotactic localization of this landmark 
should be cautiously interpreted.  
 
3.2.	The	Vim	through	multimodal	imaging	at	3	and	7	T	
In this research project, we aimed at correlating four different modalities for defining the Vim 
(Figure 15):  
1- targeting used in common clinical practice, by quadrilatere of Guiot (the candidate) 
2- direct manual delineation on 7 Tesla susceptibility weighted imaging (the candidate) 
3- automated diffusion MRI based thalamic subdivision (E.Najdenovska, PhD) 
4- atlas-based Vim outline (E. Najdenovska, PhD) 
The first method is defining the Vim based upon previous electrophysiological 
recordings134, in functional neurosurgery, while the others three are directly using its 
anatomical structure. The second method is based only upon direct human-eye examination. 
The third approach is using local diffusion properties, as extracted from DWI. The fourth is 
based upon atlas-based segmentation tolls, in an automated manner.  
The primary aim was to be able to pass from indirect, to an direct Vim targeting. The 
secondary aim was to correlate, for the first time, different ways of defining this nucleus, of 
crucial importance in surgical targeting for drug-resistant tremor187. 
We further review the main methodological aspects, as well as their benefits and 
limitations, with the current state-of-art. We provide qualitative and quantitative details, to 
objectively analyze our results.   
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Figure 15: Schematic overview of the methods used to define the Vim in the present thesis187  
(*functional definition refers to its validation in functional neurosurgery) 
3.2.1.	Materials	and	methods	
	
Participants	
Nine healthy subjects were scanned at both 3 T and 7 T. Five of them were of 
relatively young age (mean age 25+/-2 years-old, male to female ratio 3:2, further referred as 
YS1-YS5, respectively). The remaining four were elderly subjects (mean age 67.2+/-9.5 
years-old, male to female ratio 3:1, further referred further as ES1-ES4), with no particular 
brain disease and/or deformation caused by intracranial lesions.  
 
MR	imaging	
 The acquisitions at 3 T (TIM-Trio Siemens scanner, 32-channel head coil) included 
the standard clinical Vim RS protocol, as we would have done it in a real clinical realm: 
coronal T2-weighted, T2-weighted Constructive Interference Steady State (CISS)/Fiesta, T1-
weighted (T1w, MPRAGE) and diffusion weighted images (DWI), acquired with 72 gradient 
directions and b=1000 s/mm2. At 7 T (68 cm-wide bore MRI system (Siemens Medical 
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solutions), 32-channel head coil (Nova Medical)) we acquired T1w MP2RAGE188. For further 
details please refer to supplementary material.  
 
Common	image	space		
The analyses were acquired in the individual image space (for each subject), using as 
landmarks the anterior - posterior commissure (AC-PC) plane. For the young subjects, we 
first transformed the T2w into the AC-PC space, by employing 3D Slicer189 and manually 
choosing 30 brain mid-plane points (done by the candidate). The resulting image was then 
used as a reference for the AC-PC alignment of the remaining sequences. More precisely, for 
each 3T contrast, with the exception of the DWI, we performed a rigid-body transformation 
(six degrees of freedom, DOF). 
To correct the DWI Echo Planar Imaging (EPI) distortion, we registered the fractional 
anisotropy map (FA) to the MPRAGE with a non-linear transform using FSL FNIRT190, 191 
(Analysis Group, FMRIB, Oxford, UK; performed by Elena Najdenovska). Moreover, the 
observed distortions in the frontal and the parietal cortex of the 7T data, were compensate 
with a 12-DOF linear transform between both skull-stripped 7T MP2RAGE and 3T 
MPRAGE. This transform was applied to the SWI rigidly (6-DOF) aligned beforehand to the 
corresponding MP2RAGE (done by Elena Najdenovska). All registrations192 were preformed 
with 100000 voxel samples and Mattes Mutual Information as cost function. The outcome 
quality was assessed by visual inspection of the matching between the ventricles. After being 
transformed to the AC-PC space, all images were resampled to the T2 CISS spatial resolution 
(0.4x0.4x0.4 mm3) using linear interpolation. 
Since the 3T images of the elderly cases were acquired directly in AC-PC space, the 
AC-PC transformation was not required in these cases. However, correspondence between the 
respective images was accordingly to the previously described flowchart for young cohort. 
After being transformed, all the images were interpolated to the voxel size of 0.5x0.5x0.5, 
defined by the T1 template in Montreal Neurological Institute (MNI) space193. Figure 16 
summarizes the registration process. 
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Figure 16: Schematic overview of the registrations applied for transforming 
into the common image space187 	
3.2.2.	Methods	of	Vim	identification	
3.2.2.1.	The	quadrilatere	of	Guiot	
 The quadrilatere of Guiot37, 194 is defined upon anatomical landmarks, including the 
standard AC-PC line, the height of the thalamus and the third ventricle’s lateral wall, all 
easily recognizable on T2 CISS/Fiesta images and T2 coronal. The final position is at 11 mm 
from the third ventricle lateral border. The candidate performed this targeting in MITK 3M3 
(German Cancer Research Center, Heilderberg, Germany). 
As the targeting procedure was done outside of regular treatment-planning GKR 
software (which is the Leksell Gamma Plan, Elekta Instruments, AB, Sweden), the 
quadrilatere of Guiot was built independently six times for each subject, bilaterally and 
blindly, with an aim of assessing the reproducibility.  
A sphere with 2 mm radius was drawn around each Guiot point, to simulate the 90 Gy 
isodose line, which virtually corresponds, if these cases were treated in a real clinical realm 
by Vim GKR, to the 1-year MR signature after the procedure21. 
 
3.2.2.2.	Manual	Vim	delineation	on	7T	SWI	
The manual delineation of the Vim on 7T SWI was primarily based upon the previous 
observations of Abosch et al.34 and the Schaltenbrand and Wahren atlas195 also used as 
reference in the mentioned study. 
 The thalamic lateral border and the internal capsule are well distinguishable on the 7T 
SWI. Having as reference the Shaltenbrand’s atlas, the Pulvinar as well is directly and easily 
recognizable in the axial SWI plan (in green, Figure 17, A). Superior to it, in axial plan, is the 
ventro-caudalis nucleus (Vc) appearing as a dark region (Figure 17 A, bright-violet) and 
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immediately posterior to a narrower zone, with brighter image intensity, that is considered the 
Vim (Figure 14 A, yellow). Above it, ventro-oralis (Vo) appears (Figure 17 A, bright-blue) as 
another dark area, defining the superior border of the Vim. Additionally, the visualization of 
the medio-dorsal group allows the identification of the mesial Vim border. 
Figure 17: Illustration of the visible structures corresponding to the thalamic area in axial view on the SWI acquired at 7T, 
based upon the illustration from the pioneering work of Abosch et al.34. In panel A the SWI features are compared with the 
Schalterbrand atlas (plate 53 Hd +3.5) superimposed on the right thalamus. The arrows and the respective color contours 
indicate the nuclei: Vim, Pulvinar (Pu), ventro-caudalus (Vc), ventro-odalis (Vo), the medio-dorsal group (MD) and the 
internal capsule (ic). The shown SWI image is part of the dataset used in this study. Panel B gives a corresponding axial 
plate of the Morel’s atlas where the (same) color (shade) matches appropriate regions of the Shalternbrand’s atlas, while 
keeping the same nomenclature used in each one of them. In fact, considering the Morel’s atlas30 nomenclature, Vim is part 
of the Ventro-Lateral-posterior nuclei, which furthermore, together with ventro-lateral anterior and ventro-posterior nuclei 
form the VLV cluster187 	
3.2.2.3.	The	automated	3T	dMRI-based	segmentation		
 Doctor Elena Najdenovska performed this segmentation, based upon a methodology 
she developed and which has been already published in 201733. Mainly, this approach was to 
segment the thalamus in 7 thalamic subparts, including the ventro-lateral ventral cluster 
(VLV; nomenclature form Morel et al.30), which is considered to include the Vim. 
Additionally, Dr Najdenovska was able to subdivide the VLV in three different subparts, 
using particular diffusion features.  
 
3.2.2.4.	Multi-atlas	segmentation	
 Dr Najdenovska performed this part of the project. Having the manual delineation of 
the Vim for all the subjects, we used the multiatlas technique for automated segmentation of 
individual Vim in leave-one-scenario. 
 
3.2.3.	Quantitative	analysis	
 The intra-subject reproducibility of the Guiot targeting was estimated by the Euclidian 
distance between the target points for each individual hemisphere, by taking as reference the 
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first targeted point.  
 The volumes of the manual Vim and automated VLV delineation were evaluated using 
the Dice Coefficient196, measuring their overlap. An overlap greater than 70% was considered 
a good match. 
 
3.2.4.	Qualitative	analysis	
 The four investigated approaches provide outcomes, which have different sizes. In 
fact, they range from a simple single point to a group/volume of nuclei.  
 To better assess their spatial distribution, the VLV, as well as the manually delineated 
Vim’s area, were further subdivided in eight geometrical subregions. More specifically, for 
each region of interest (e.g. VLV from DWI) or the manually delineated Vim, we calculated 
the smallest rectangular cuboid containing all non-zero voxels, who’s mid-plane isolated the 
superior from the inferior part, the posterior and the ventral part (Figure 18).  
	
Figure 18: Schematic representation of the ROIs separation in 8 regions, in 2D and 3D view (middle). 
The labeling of the subparts is done according to the hemispheres to which the ROI belongs187. 
 
3.2.5.	Results	
3.2.5.1.	The	points	from	the	quadrilatere	of	Guiot	
The obtained points from the individual targeting (6 times per side and per subject, as 
previously stated) using the quadrilatere of Guiot were either overlapping or differing by one 
voxel, for all nine subjects involved in this study. The maximum intra-subject difference was 
less than 1.3 mm, confirming the accuracy and reproducibility of the former (see the boxplots 
for the YS1 to YS5 in Figure 19). 
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Figure 19: Boxplot showing the difference between the six targeting points obtained by the 
quadrilatere of Guiot for each subject respectively (in the healthy subjects, YS1 to YS5)187 
 
3.2.5.2.	Manual	Vim	delineation	on	7	T	SWI	
The Vim was identified and manually delineated in both hemispheres for eight out of 
nine subjects. In the ninth case, which was a younger subject, only the right Vim area was 
distinguishable. On the left side, a blood vessel made difficult to discriminate any contrast 
difference, which could have corresponded to the Vim (Figure 20). Hence, in total, the 
candidate was able to manually delineate 17 Vim (8 subjects x 2 sides, plus only 1 side for the 
ninth subject). 
The manual delineation was nonetheless challenging and time-consuming. The borders 
of the Vim were not unquestionably discernable, due either to the lack of image intensity 
contrast, or the presence of small blood vessels, that sometimes could have been confounded 
with the surrounding nuclei. Moreover, the image intensity and its contrast variations differed 
between subjects and different age ranges.
 
Figure 20: Illustration of the difficulties encountered for the manual delineation of the Vim regarding 
the image contrast on SWI acquired at 7T and the presence of blood vessels in the targeted area. We 
can observe that the contrast varies between subjects, but also between the two groups, young (here 
YS1 and YS2) versus the elderly (ES2 and ES3). The arrow for Subject YS1, illustrates the relatively 
big blood vessel passing through the left targeted thalamic region that prevented manual 
discrimination of the Vim. The presence of small vessels surrounding the Vim can be observed in each 
panel187 
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The manually delineated volumes were in the range of 35.5 to 94.5 mm3 and 
occupying 0.4-1.5% of the total thalamic volume (Table 3). 
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YS1 /(*) /(*) 77.6 1% /(**) /(**) /(**) /(**) 1.1 15% 1 14% 
YS2 76.3 1% 82 1.1% 66.9 0.9% 71.6 1% 1.3 17% 1.3 18% 
YS3 83.3 1.5% 82.9 1.2% 28.5 0.5% 44.4 0.6% 1.1 18% 1.1 16% 
YS4 82.8 1.1% 73 1.1% 42.4 0.6% 42.4 0.6% 1 14% 0.9 15% 
YS5 67.2 1% 78.7 1% 43 0.6% 41.5 0.5% 1.2 19% 1 15% 
ES1 93 1.2% 94.5 1.3% 42.7 0.6% 23.7 0.3% 0.9 13% 0.8 13% 
ES2 58 0.5% 56.5 0.5% 19.4 0.2% 44.9 0.4% 1.4 14% 1.4 15% 
ES3 81.5 0.9% 65.5 0.8% 32.4 0.4% 9.7 0.1% 1.2 15% 1 14% 
ES4 71.4 1.1% 69.1 1% 20.2 0.3% 6.1 0.1% 0.7 13% 0.8 13% 
Table 3: The calculated volumes of the manually delineated Vim (7 T SWI) and the VLV cluster (DWI). 
The presence of a blood vessel made impossible the manual delineation of the Subject YS1’s right Vim 
(*) and therefore this subject was not considered in the analysis of multi-atlas segmentation (**). 
 
3.2.5.3.	Correlation	between	the	manual	delineation	and	the	Guiot’s	points	
The Guiot’s points were always inside, or on the border of the manual delineation. 
Considering the geometrical subdivision, in seven out of nine cases, Guiot’s points were in 
the ventral part of the manual delineation. 
 
3.2.5.4.	Comparison	with	the	automated	methods	
3.2.5.4.1.	Automated	3T	dMRI-based	segmentation	
 For all nine subjects, the thalamic parcellation showed similar segmentation patterns, 
as previously reported for a larger cohort of 35 healthy subjects197. The segmented ventro-
lateral ventral (VLV) cluster, which is the outline of interest since it encloses the motor-
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related nuclei, with Vim as integrated part197, represented the expected spatial extent. Its 
volume ranged between 740 and 1400 mm3 or 13-19% of the corresponding thalamic volume.  
The VLV cluster constantly included the manually delineated Vim outline. In average, 
the size of the diffusion based segmented VLV was 15 times bigger than the manual one. 
With respect the spatial localization assessed via the geometrical subdivision (Figure 18), for 
16 out of 17 cases the manual Vim outline was found in the inferior VLV, in the last case 
being around the mid-plane. Furthermore, the manual outline was always next to the lateral 
VLV border and for 15 cases lied in this cluster anterior/anterior-lateral part. For the 
remaining two cases, the Vim outline was around the respective in-plane diagonal. 	
3.2.5.4.2.	Multi-atlas	segmentation	
To ensure an equal contribution from both hemispheres, the subject with no manual 
outline of the Vim (YS1) was not considered for building the multi-atlas framework. The 
remaining eight subjects were analyzed. Hence, by applying the leave-one-out (LOO) 
scenario, seven atlases were used per hemisphere. 
The multi-atlas segmentation outlines were fairly comparable to the manual 
delineation (Figure 21), with the exception of one subject (ES3). For the former, within the 
right hemisphere, this methodology failed to provide an outline overlapping with the manual 
delineation. The calculated Dice overlap was 45.1+/-12.9% for the left and 45+/-26.37% for 
the right hemisphere. The individual Dice coefficients are given in Figure 22 together with the 
visual representation of the outcome.
 
Figure 21: Visual representation of the comparison between the methods. Panel A give the results in axial view 
of each young subject respectively (YS1-YS5), while panel B shows a 3D view of the Subject YS2’s outlined Vim, 
as well as its localization inside the VLV cluster and within the thalamus. Among the shown findings, the Guiot 
points are given in magenta, the manual Vim delineation in yellow and the automatically segmented VLV cluster 
in red. The remaining automatically delineated clusters shown in panel A are: Pulvinar (Pu), medio-dorsal 
(MD) and the anterior (A) group of nuclei as well as the cluster enclosing the centro-lateral and the lateral 
posterior nuclei along with the medial part of the Pulvinar (CL-LP-PuM). It can be seen that for all the subjects 
the Guiot points are always inside and/or on the border of the manual delineation, which furthermore is 
observed in the anterior-lateral part of the VLV cluster close to its lateral bord187.  
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Figure 22: Visual comparison between the manual delineation and the multi-atlas outline of the Vim. The Dice 
coefficient estimates the overlap between the two outlines. 	
3.2.6.	Discussion		
 This part of the thesis aimed at improving the targeting. The primary aim was to 
replace the current indirect methods with direct ones, and to aim for reproducibility and 
standardization. We compared four different strategies for defining the Vim, a common target 
in functional neurosurgery for drug-resistant tremor and particularly ET. The neuroimaging 
protocol analyzed here included only healthy volunteers. Furthermore, we combined two 
different expertises (medical doctor and engineer), in a multimodal-imaging framework, 
including both 3 and 7 T images.  
We observed that the clinical targeting points, defined by the commonly used in 
quadrilatere of Guiot in clinical practice are, for 77.8% of the cases, in the ventral part of the 
Vim’s manual delineation 7T SWI. In fact, by representing the aimed region in a functional 
neurosurgical manner, the Guiot targeting allocates only a point and, in consequence, is 
limited in providing a full structural discrimination of the Vim. In this context, our findings 
indicate a confined localization of the clinically aimed points inside a structural outline that 
should be further investigated in terms of structural and functional connectivity for potentially 
obtaining advanced target-related insights. Moreover, an extension of this study on larger 
dataset could possibly lead to a robust prediction of the neurosurgical target inside the Vim 
borders.  
The qualitative inspection also suggested that Vim’s manual delineation, 15 times 
smaller than the size of the VLV, is mainly enclosed, in 88.2% of the studied cases, in the 
inferior anterior-lateral division of that cluster. Such findings reveal a constrained area, which 
would most likely correspond to the Vim within a region automatically delineated by 
computer-assisted image-analysis techniques, which has not been demonstrated previously. 
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Moreover, it could be further explored in other studies by an automated segmentation of the 
Vim, based exclusively on individual subject-related data. 
The proposed multi-atlas segmentation framework shows promising potential of 
delineating the Vim area in automated manner. The outcome tends to slightly underestimate 
what is considered to be the corresponding Vim volume, but considering the size of the 
investigated structure we could argue that the obtained outline, with the exception of 2 cases 
(ES3 and ES4 right Vims), is rather acceptable. In terms of overlap, the Dice Coefficient 
greater than 70% is considered as good match. However, this measure is more sensitive to 
elongate structures, such as the Vim, rather than the rounded ones and, therefore, it could bias 
the estimation of the overlap198.  
We assume that the quality of the outcome from the proposed multi-atlas segmentation 
is closely related to the use of SWI-intensity instead of T1w or T2w lacking in intrathalamic 
contrast variation. Consequently, when the 7T SWI is available, it could be used as an 
alternative or as an initialization of a subject-related Vim segmentation, either manual or 
automated. Nevertheless, we expect an improvement of the presented findings with an 
extension/ adaptation of the number of employed atlases to its optimum199. Moreover, all 
these findings apply, for the moment, only to healthy volunteers, and not to ET patients.  
Although our main focus was the Vim, this study also provides validation of the 
automated dMRI-based clustering as complementary to the directly visualized SWI thamic 
nuclei. For example, in SWI, the Pulvinar appears as the most-posterior distinguishable 
thalamic feature, very dark laterally and brighter next to the ventricles. In agreement with 
previously reported findings197, we see that the green Pu-cluster contour delineates mainly the 
darker nuclei part and, a portion of medial Pulvinar (the brighter part), is enclosed in the CL-
LP-PuM cluster. Furthermore, the spatial extent of the MD cluster generally coincides to the 
equivalent group of nuclei. All these findings support, above all, the spatial distribution of the 
VLV and thereupon, our outcomes related to this cluster. 
Our study has several potential limitations. The first is related to the fact that the 
protocol was acquired only in healthy volunteers. The measure in which the same findings 
would be applicable in ET patients remains to be further elucidated by other studies. 
Moreover, the manual delineation on the 7T SWI data is, however, a time-consuming task, as 
the Vim borders are not always obvious, mainly because of the presence of blood vessels, a 
low local image contrasts or contrast variability across subjects, inside the thalamic area. 
Moreover, there was inconsistency in terms of the contrast variation between the cohorts 
representing different age scale. Namely, the elderly subjects presented poorer contrast that 
brought more difficulty in direct visualization of the Vim in those cases. In consequence, we 
assume having contour erring towards underestimation of the Vim extent. This could also 
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be deduced from the calculated volumes (Table 3), which are near the lower limits of what is 
consider the correct range38. Additionally, in the scope of the mentioned contrast-related 
drawbacks, even the multi-atlas segmentation could be potentially troubled.  
Additional SWI analysis indicated that the image intensity contrast could also depend 
on the head orientation inside the scanner. This could be caused by anisotropic contributions 
to the local tissue susceptibility. For instance, white matter fibers have significant anisotropic 
susceptibility200. Depending on the head orientation relative to the static MR field, the local 
susceptibility-based perturbations of the field may differ, and the resulting effects may thus 
show significant changes in contrast. Anisotropic voxels may also add different partial 
volume effects depending on the head orientation. Further improvements regarding these 
limitations, such as vessel removal or contrast standardization201, should be addressed, in 
order to make the 7T SWI even more powerful and robust tool for Vim discrimination. 
Nevertheless, the present study suggests a superiority of the SWI, acquired at 7 T, over 
the existing MR sequences acquired at 3 T, in terms of more precise characterization of the 
Vim as an individual structure. Moreover, we propose two new approaches for an automated 
Vim localization. If 7 T SWI data is available, the multi-atlas segmentation could be 
employed. However, considering the fact that the number of 7T scanners is limited 
worldwide, the automated detection of the Vim area inside the 3 T dMRI-based VLV cluster 
could also be used as an alternative. 
Further studies on a larger dataset are needed to confirm the reported findings. 
Improvements could also enclose multi-atlas segmentation based on 7T SWI only. 
Additionally, given the potential of the automated dMRI-based segmentation, we assume that 
combing it with the 7 T SWI information appears as complementary, but both of them based 
on the individual anatomy, would further lead to an accurate Vim outline. Moreover, 
including data from ET patients and applying the same protocol will elucidate the concern of 
its applicability in patients. However, in our experience, problems related to movement make 
the SWI difficult to interpret. Other sequences, such as the T1 weighted, can be imported in 
the GammaPlan (Elekta Instruments, AB, Sweden) and might be of further help (Figure 23). 
Figure 23: Superimposed dosimetry with 
the 90 Gy isodose line (green) to the: (a) 
therapeutic images, 3T; (b) 3T 3 months 
follow-up MRI, with no visible change; 
(c) 7T 3 months follow-up MRI with 
visible structural changes and (d) 3T 6 
months follow-up MRI; please note that 
7T already shows a visible MR signature 
corresponding to the targeted area, while 
at 3T nothing was yet visible at 3 months  	
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4.1.	General	aspects	
 We have previously underlined, in the state-of-art of the present thesis (see Chapter 1 
of this thesis, Introduction) the fact that ET’s pathophysiology remains largely undiscovered, 
despite several hypotheses. Moreover, the intimate mechanism by which tremor stops after 
Vim RS are also unknown. Additionally, RS is based only upon multimodal neuroimaging 
analysis for targeting and follow-up evaluation, with no access to anatomopathological 
analysis, with the sole exception of very few reports131, 142, 202.  
In the frame of the present thesis, the candidate employed advanced imaging 
techniques and complex computational approaches, to try to shed new light on tremor 
appearance in general and of its further arrest after Vim RS in particular. This included both 
structural (T1w) and functional (resting-state fMRI) analysis. While a part of the 
methodology is based on prior hypothesis (e.g. Vim as a core of the “tremor ax”), other 
asepcts don’t employ any prior hypothesis and could reveal new and unknown aspects. For 
uniformity reasons were analyzed only patients with right-dominant ET, while other types of 
tremor (Parkinsonian, multiple sclerosis etc) were excluded.  
 
4.2.	Main	hypothesis	
   Gamma Knife radiosurgery for ET is classically performed with the aim of inducing a 
small area of necrosis after several months, clearly seen at 12-months follow-up MR203. In 
this respect, by the expected radiobiological effect, it mimics a histologically destructive one, 
compared to the one produced by a RT107. However, Ohye140 was the first to suggest that the 
necrotic lesion solely was not sufficient to produce tremor alleviation. Moreover, he 
advocated that the magnitude of the lesion induced by Vim GKR was too small to account for 
the benefic clinical effect. Similarly, the proposed «cocade theory», advocates for 4 distinct 
zones that might appear after Vim RS, including necrotic, subnecrotic, neuromodulatory and 
no effect21. Additional data from intraoperative electrophysiological studies in DBS after 
initially successful and further relapse ET have provided new insight. In fact, in a research 
work done by the candidate14 which confirmed findings from previously published reports140, 
204 it is suggested a clear reorganization of the neuronal core inside (accounting for the initial 
effect) and at the periphery of the necrotic lesion (accounting for a latter effect).  
 In this respect, our main hypothesis was that structural changes after Vim GKR, in 
relation with clinical effect, might appear in parts of the previously described “tremor ax”. 
Our secondary hypothesis was that GMD alterations might be further present in other, remote 
areas, outside the previous, as part of distant structural and functional reorganization.  
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4.3.	Voxel-based	morphometry	analysis	
4.3.1.	Relationship	between	clinical	improvement	and	GMD	changes	between	
pretherapeutic	and	1	year	after	Vim	GKR	state72	
4.3.1.1.	Methodological	aspects	
Group	separation	
It has been previously advocated that medication diminishes TSTH by approximately 
50%205 in around 50% of cases. In this sense, to consider Vim GKR at least as effective as 
medication, clinical responders (R) were considered those with at least 50% amelioration of 
TSTH 1 year after the procedure, to account for the delayed clinical effect15.  
 
Patient	population		
Thirty-eight cases were analyzed. All benefitted from left unilateral Vim GKR for 
right dominant tremor.  
Thirty-one (81.6%) patients were R (>50% 1-year TSTH improvement) and 7 (18.4%) 
NR (<=50% 1-year TSTH improvement).  
Mean overall improvement in TSTH was 62.6% (standard deviation 32.3; range 0-
100%) and in the R subgroup was 75.2%. No difference in clinical characteristics was found 
between R and NR (age, gender, tremor severity before Vim GKR; p>0.05). No side effect 
was found 1 year after Vim RS.  
 
Statistical	analysis	
The between groups SPM (T) GMD maps were obtained using an analysis of variance 
(ANOVA) full factorial model, at a height threshold (voxel-level signiﬁcance) of p<0.05, 
corrected for multiple comparisons for the cluster (FWE, family-wise error method). 
Secondarily, if no change was initially found using FWE correction, with a less constraint 
voxel-threshold of p<0.005, only corrected for the cluster volume to avoid type II errors as 
recommended206. Age, gender and the type of tremor were used as nuisance variables. Was 
evaluated the interaction between clinical response and time, mainly between R versus non-
responders (NR) patients, with the different time frame (baseline versus 1 year after Vim RS), 
so as to identify the eventual structural changes in GMD. The primary aim was to find 
differences between groups (R versus NR) in interaction with the time point (before and after 
Vim RS).  
The SPM analysis was done by medical staff (the candidate, Eric Guedj-Nuclear 
Medicine from Marseille) that was not involved in the indication for treatment, the RS 
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procedure or follow-up evaluation. Gray matter density was further extracted from 
statistically significant regions. For correlation between GMD and TSTH improvement, 
STATA version 11 (STATA Corp LLC, College Stations, TX, USA) was used, and p values 
evaluated with Spearman correlation coefficient.  
 
4.3.1.2.	Results:	changes	in	GMD	between	R	and	NR,	during	time			
Changes in GMD between R and NR with time showed left temporal pole (Brodmann 
area, BA 38; cluster 1), and a larger cluster [kc= 135 (left occipital; cluster 2) > kc=124 (left 
temporal), indicating the number of voxels in each cluster; Figure 24] within the left occipital 
area (punc=0.04 for the first cluster, punc=0.03 for the second cluster). The former included, 
beside the left BA 19, the V4, V5, and parahippocampal place area (PPA)72. 
Interestingly, GMD was lower at baseline in the NR group for both regions and at 1 
year had a median value similar to the R groups (which presented a slight decrease in 
GMD)72. 
	
Figure 24: global overview of GMD at baseline and 1 year for left temporal pole and visual 
association area, depending on clinical response (<=50% TSTH improvement, versus >50% TSTH 
improvement; it is of interest that for both clusters (temporal and occipital), for a TSTH improvement 
<=50%, the baseline values are lower as compared with the ones for TSTH improvement >50%; at 1 
year, the NR patients achieve a median value comparable to that of R at baseline, while the former 
remain stable; 
Furthermore, higher GMD decrease between 1 year and baseline correlated with better 
TSTH improvement (Spearmann= 0.01; figure 25, left and right). 
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Figure 25: correlations between TSTH improvement and differences in GMD (Spearmann= 0.01 for 
both clusters); left- temporal cluster, right-occipital cluster 
For cluster 1 (left temporal pole), higher baseline GMD predicted better improvement 
(Spearmann= 0.004; Figure 25, left). The GMD increase at 1 year after Vim GKR was fairly 
similar for both clusters in NR, while it tended to zero in R (figure 26, right). 
	
Figure 26: left, correlation between pretherapeutic GMD (left temporal cluster) and 1 year TSTH 
improvement (Spearmann= 0.004); right, illustration of GMD increase (for the NR) and respectively 
no change (for R), as structural differences between R and NR during time, before and after Vim GKR, 
presented by clusters (1=left temporal and 2=left occipital, with a sagittal illustration for each one of 
them) 
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4.3.1.3.	Summary	of	findings	and	anatomical	relevance	
 In this first VBM research project, we investigated GMD changes one year after Vim 
GKR, in relationship with clinical effect. To the best of our knowledge, this was the first 
analysis of this type. We reported changes in GMD, correlated with clinical effect, between R 
and NR within left temporal pole (BA 38) and a larger cluster including left occipital lobe 
(BA 19, V4, V5, and parahippocampal place area), as statistically significant72.  
The involvement of left temporal pole and occipital, BA 19 toigether with the PPA is a 
very interesting and novel finding, suggesting a distant effect of Vim RS. This distant effect 
was part of the study hypothesis and was confirmed by our result. Left temporal pole is 
mainly involved in visual (« what and where » visual pathways distinction) and emotional 
(visual processing of emotional images, emotional attachment) functions, processing 
phonological properties of written words, sign language or complex auditory processing207. 
The visual cluster actually extends beyond the BA 19, and includes parts of V4 and V5 and 
the PPA (posterior subdivision). Visual area V4 is part of extrastriate visual cortex208 and is 
considered involved in orientation, spatial frequency and color, but also long-term plasticity 
or stimulus salience. Interestingly, is gated by signals coming from the frontal-eye-fields 
(FEF)209. This brief overview of the anatomical relevance would be of special interest in 
patients with ET: in a crowded visual scene, all factors that could help distinguishing the 
target include color, shape and eye movements are of importance. Moreover, an important 
role of the PPA is the locomotor monitoring towards local and distant environment. 
The role of visual association areas was described for the first time as statistically 
significant and thus relevant in tremor improvement after Vim RS. We postulated that how 
the “tremor network” (cerebello-thalamo-cortical pacemaker) modulates these structural 
changes in remote areas remains unknown. The anatomical connections between the primary 
motor cortex and visual areas might be of relevance, as previously advocated by other 
authors210, for sensory guidance of movements (e.g. eye-hand coordination).  
We advocated that our findings might prompt towards the necessity to recruit in the 
targeting specific visuomotor networks.  
 
4.3.2.	 Correlation	 between	 pretherapeutic	 GMD	 and	 1-year	 tremor	
improvement	after	Vim	GKR211	
4.3.2.1.	Methodological	aspects	
Patient	population		
Were analyzed 52 patients (male to female ration: 30:22; mean age 71.6 years, range 
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49-82, standard deviation 6.9). All benefitted from left unilateral Vim GKR for right 
dominant tremor. 
 
Statistical	analysis	
 Statistical Parametric Mapping was employed to create a flexible Anova factorial 
model. Exclusively, pretherapeutic T1w imaging were used, and TSTH improvement was 
added as a covariate, using the corresponding continuous values, per subject, with the 
corresponding GMD maps, individually. The aim was to depict a pretherapeutic anatomical 
cluster, which correlates best with tremor arrest, 1 year after Vim GKR. The uncorrected p 
value at cluster level was set at <=0.05 and for the peak level <0.001. 
The SPM analysis was done by medical staff (the candidate, Dimitri Van de Ville-
Miplab, Campus Biotech, Eric Guedj- Nuclear Medicine, Marseille) not involved in treatment 
indication, Vim GKR procedure or follow-up evaluation. Grey matter density was further 
extracted from statistically significant regions. For correlation between GMD and TSTH 
improvement, STATA version 11 (STATA Corp LLC, College Stations, TX, USA) was used, 
and p values evaluated with Spearman correlation coefficient.  
	
4.3.2.2.	Results:	right	visual	association	area	(Brodmann	area	18,	V2)		
Mean 1-year TSTH overall improvement was 67.8% (range 0-100%, standard 
deviation 32.9). No side effect was encountered. The vast majority of patients presented a left 
thalamic “cocade” MR signature on follow-up MRI, which is classically considered 
associated with the clinical response in Marseille’s experience14, 15. Nevertheless, four 
patients, with severe pretherapeutic tremor, were considered clinical non-responders but had a 
visible thalamic lesion on follow-up MRI, while eight patients were considered clinical 
responders and had a smaller lesion on follow-up MRI.  
The only statistically significant cluster was right BA 18 (visual association area V2; 
MNI 12, -74, -4; puncor=0.05, Kc=71; figure 27211). Higher pretherapeutic GMD correlated 
with better TSTH improvement (Spearmann= 0.002; figure 27).
	 61	
	
Figure 27: higher pretherapeutic GMD predicts better 1-year TSTH improvement 	
4.3.2.3.	Summary	of	findings	and	anatomical	relevance		
We report higher pretherapeutic GMD within right Brodmann area 18 statistically 
correlated with better 1-year TSTH improvement after Vim GKR for ET.  
Visual association area V2, part of the prestriate cortex, is the second major area of the 
visual cortex. Most of the neurons are regulated to simple visual features such as orientation, 
spatial frequency, size, color and shape. This region receives connections from the V1 and 
sends strong connections to the V3, V4 and V5 areas. It is mainly involved in visuo-spatial 
information processing212. Other roles include detection of light intensity, detection of 
patterns, discrimination of finger gestures or orientation-selective attention213. In fact, 
according to some functional studies, it participates additionally in visual priming and visual 
attention214.  
 
4.3.3.	Preliminary	hypothesis	with	regard	to	the	present	VBM	studies	
It has been beforehand conjectured that visual areas must be linked to the motor ones, 
as a need for sensory guidance of movement of hand and fingers210, and further in motor 
regulation. This aspect, of sensory guidance of movements, would be of crucial importance in 
the case of our patients. Several hypothesis would explain a connection between visual and 
motor areas: one would be a direct visual input to motor areas (by caudate nucleus and 
claustrum), a second a modulation by the corpus callosum (mediating tasks in which the 
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visual cortex on one part of the body is linked to the contralateral motor cortex), and a third 
that cerebellum might play the essential role of calibrating the relationship between visual and 
somatosensory/motor information210.  
In our opinion, these findings72, 211 should rather be seen as complementary, not 
exclusive. Both VBM research projects point out towards the involvement of the visual 
association areas in tremor arrest after Vim GKR. Furthermore and together, they show that 
lower baseline GMD in these visual areas (independently if right or left) and in the left 
temporal pole, was associated with lower 1-year TSTH improvement. Some other additional 
aspects should be taken into account, due to their relevance. Firstly, it is known that several 
visual functions (e.g. detection of light intensity, feature extraction or detection of patterns 
etc) simultaneously activate both BA 18 and 19, which are in close anatomical location, while 
being integrated part of a common brain network. Secondly, with regards to the visual 
perception, it is now well acknowledged that it is not carried out in a unique area, but involves 
many other different parts of the cerebral cortex215, 216, receiving primary input from V1. 
Typically, the corresponding processing of different information streams continues beyond 
V1. Many outputs go to V2 (e.g. BA 18), relate to motion analysis and this information is 
further process in V3 (e.g. BA 19) and then V5, the medial temporal (MT) cortex (part of the 
PPE) and medial superior temporal (MST) cortex. Thirdly, with regard to functions related to 
visual association cortex, electrophysiology data suggest sensitivity to motion-delineated 
forms217 and its role as a differentiation point between the 'what' and 'where' visual pathways. 
Additional involvement is in visuospatial information processing, horizontal saccadic eye 
movements, orientation-selective attention and tracking visual motion patterns215. These 
functions involve both hemispheres and do not limit to a certain unilateral and individual area 
(no matter if V2 or V3, V4 etc). Fourthly, from methodological point of view, as previously 
detailed, the research questions were different. Lastly, the cerebellum might play the crucial 
role of adjusting the link between visual and somatosensory/motor information210, as 
“calibrator”, which might be of special interest in ET.  
 
4.3.4.	Strengths	of	both	VBM	projects	
Our research questions were not conducted to support any of the existing 
physiopathological theories. Thus, our findings might shed new light on tremor generation 
and further tremor arrest after Vim GKR. We could consider ET as a family of diseases, 
rather than a uniform entity50. In this sense, we might find adaptive structural MR changes 
appear during disease course and, depending on these changes, the “reset” of the “tremor 
network” might be either easier or more difficult after Vim GKR. With regard to this, some of 
the patients, depending on their phenotype, might develop structural MRI changes making 
them more “sensitive” or “resistant” to Vim RS, as a trait of ET subclinical phenotype.  
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Other advantages of the VBM analysis are related to an unbiased and objective 
procedure, fully automated, not based on regions of interest and which is more exploratory. 
Furthermore, it depicts differences and/or changes at a global and local scale.  
 
4.3.5.	Limitations	
The limitations of our study are mainly related to the absence of a blinded neurological 
examination and those of the VBM method (preprocessing steps, statistical challenges etc). 
With regard to the former, VBM can be very sensitive to various artifacts, including brain 
misalignment (with eventual spurious results), misclassification of tissue structures, 
differences in folding patterns and in cortical thickness159. All these processing steps could 
confound the statistical analysis. Moreover, the interpretation of GMD changes could become 
challenging in small structures, such as components of the basal ganglia. Although our 
findings have anatomical significance, they would still ideally need to be validated by a 
neuropathological confirmation one day. Furthermore, VBM was not initially aimed for 
subcortical structures, and the complicated anatomy of some specific regions may obstruct the 
automatic processing of this method. With regard to the studied population, in the first 
project, only 7 (18.4%) of the patients were non-responders. This sample size is rather limited 
and also imbalanced as distribution between the R and NR. In this sense, our findings should 
be replicated in a separate and larger cohort, including one containing more NR. There was no 
randomization, which could allow the direct comparison with a control population of non-
treated ET patients.  																			
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5.1.	Important	methodological	aspects:	general	preprocessing	and	scrubbing	
 The general principal of BOLD signal and rs-fMRI analysis, including the GLM, have 
been previously detailed in the introduction section. The preprocessing and statistical aspects, 
as well as the different research projects, are further described here.  
With the state-of-art of the current literature, two common types of preprocessing 
pipelines may be used. We developed both of them in the EPFL-LTS 5 in the current project. 
They are tightly connected with the use of further particular software suites for fMRI 
statistical analysis. Since motion is an important potential confounding factor in these clinical 
populations, we first computed Power’s framewise displacement index for each time point218. 
When it exceeded 0.5mm, the corresponding frame was “scrubbed” along with one 
proceeding and two following ones (for a total of 5 for one time-point exceeding the upper 
limit allowed). Only the remaining frames were further considered. One preprocessing 
pipeline mainly the FSL/AFNI® packages and further on the REST® software219. It includes: 
(1) image reconstruction (IRM), (2) transformation of DICOM format to Nifti, (3) mcflirt 
function with selection of the middle fMRI image for further registration, (4) head motion 
correction, (5) signal stabilization, (6) registration of the T1 to fMRI, (7) spatial smoothing, 
(8) temporal band pass filtering and detrend, (9) extraction of the regressors (white matter and 
cerebro-spinal fluid), (10) the extraction of a brain mask in whom the connectivity analysis 
will be done, (11) statistical analysis (seed-based method) in REST®, (12) normalization. The 
second preprocessing pipeline has been implemented in SPM® and is further used for 
independent-component analysis, using GIFT®. It includes: (1) image registration (all fMRI 
to the first time point, 6 degrees of freedom), (2) image registration of fMRI to T1, (3) 
normalization i.e. registration: T1 to MNI (12 degrees of freedom), voxel size becomes 2 mm3 
and (4) smoothing (FWHM= 6 mm). We propose a brief overview of the main preprocessing 
steps, in Figure 28.  
	
Figure 28: two pre-processing pipelines developed in LTS-5, Swiss Federal Institute of Technology  	
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																																																		Table 4: Basic demographic data 
5.2.	Patient	population	
We prospectively included 17 consecutive patients (right-sided tremor, drug-resistant) 
treated only with left unilateral Vim GKR in Marseille, France, between September 2014 and 
August 201571, 220-223. This study received approval (CHU Timone, CPPRB1) from the Ethical 
Committee of the Marseille University Hospital. Written informed consent was obtained from 
all patients. All cases were referred by a movement disorders neurologist (TW).  
Baseline tremor (by TW) and neuroimaging assessment (on a single 3 T MR machine, 
Siemens Skyra, Munich, Germany, T1 and rs-fMRI, n=17) was performed. The vast majority 
of patients didn’t have medication anymore, usually for inefficacy reasons. However, the  
clinical evaluation was done under the pharmacological therapy (if one had such in a minority 
of situations), while the scanning in the drug-naïve state. Same protocol was repeated one 
year after Vim RS (n=17). The mean age was 70.1 years (range 49-82). The mean duration of 
symptoms was 38 years (range 6-70) (table 4). The mean time to tremor improvement in the 
present series was 3.32 months [standard deviation (std) 2.7, range 0.2-10]. 
 
5.3.	Radiological	answer:	MR	signature	volume	1	year	after	Vim	GKR	
 Mean MR signature volume 1 year after Vim GKR was 125 mm3 (standard deviation 
162, 2-600 mm3). This volume was drawn individually on T1 Gadolinium-injected MR, 1 
year after Vim GKR, considered definitive radiological answer in our experience224. To 
ensure volume calculation accuracy, each patient MR was imported in LGP. This was co-
registered with therapeutic images. The 90 Gy isodose line, which corresponds to final MR-
signature in our experience21, 224, was projected to the 1-year result and matched perfectly the 
MR-signature. Manually, using LGP segmentation tools, volume was individually drawn and 
further automatically calculated by the software. There was no correlation between 1-year 
Variable Mean Standard deviation Minimum Maximum 
Age (y) 70.1 9.8 49 82 
Duration of symptoms (y) 38 19.5 6 70 
ADL baseline  29.1 12 13 49 
ADL (% improvement) 82.9 27.3 0 100 
Right total tremor amplitude 
(TSTH) 
18.6 5.5 8 30 
TSTH* (% improvement) 67.3 28.2 13.3 100 
Head tremor score baseline 
(normalized) 
-0.3 0.8 -1.2 0.8 
Head tremor score (% 
improvement, normalized) 
1.3 0.04 1.2 1.4 
Quest baseline 46 15.1 29 80 
Quest (% improvement) 24 16.1 2 47 
Time to improvement 
(months) 
3.3 2.7 0.2 10 
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MR signature volume and ADL drop (p>0.05), but there was with TSTH drop (p=0.01).  
	
5.4.	Motion	scrubbing	(see	previous	pre-processing	steps)	
At baseline, pretherapeutically, the mean number of frames taken out was 35 (median 
15, range 0-135) and at 1 year was also 35 (median 15, range 0-150).  
 
5.5.	Statistical	analysis	
Three different fMRI computational approaches were used: (1) ICA, seed-based 
approach and dynamic connectivity with connectivity activation patterns (CAP). Resting-state 
data was analyzed in Lausanne, Switzerland, by two persons not involved in patient selection, 
radiosurgery procedure or follow-up course (the candidate, supervised by Professor Van de 
Ville, MIP::Lab, Campus Biotech, Geneva). 
	
5.5.1.	Independent	component	analysis	
 In signal processing, ICA is a computational method that allows separating a 
multivariate signal into additive subcomponents225. This is performed assuming that the 
subcomponents are non-Gaussian signals, and that they are considered statistically 
independent from each other. Independent component analysis is a special case of blind 
source separation. A simple application of the ICA was considered the “cocktail party 
problem”, where the underlying speech signals are separated from a sample data consisting of 
people talking simultaneously in a room.  It has been used in a variety of situations, including 
neuronal spike sorting226 or removing artifacts, such as eye blinks, from EEG data227.  
With regards to our patients, group-level independent component analysis (ICA) was 
applied to decompose rs-fMRI data into components of temporally coherent spontaneous 
activity using GIFT ICA Toolbox (USA, http://icatb.sourceforge.net)228. Two type of analysis 
were done.  
 
5.5.1.1.	Only	using	baseline,	pretherapeutic	data	(n=17)	
Methodological	aspects220		
 The concat-ICA approach is data-driven and considers the concatenated data of 17 
pretherapeutic scans229. The total number of independent components (ICs) was set to 20, 
which is common setting in literature to identify large-scale distributed networks (Figure 29).  
Visual inspection of IC maps revealed neurological meaningful patterns; no 
components were excluded for further analysis. 
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Figure 29: Illustrative example of 3 networks generated by the ICA approach220 
For rs-fMRI data, Anova was implemented in SPM12 as a flexible factorial model. 
This analysis was made on each component, by using the subject-level maps. As we wanted 
to apply the model to each component, we used a Bonferroni correction to deal with number 
of models (20). For each component, subject-level spatial maps that represent strength of 
inter-connectivity in a large-scale network at baseline, were fed into general linear model that 
included the difference in points for ADL and TSTH between 1 year after Vim RS and 
baseline pretherapeutic values. This allowed assessing whether voxels correlated significantly 
with tremor improvement. Within each linear model, we use cluster-level Gaussian random 
field theory to correct for testing whole-brain voxels, but, since the linear model is applied to 
each component separately, we also additionally applied Bonferroni correction to deal with 
multiple comparisons (20) and report corrected p-values. In order to exclude possible 
confounders, using the same methodology, no statistically significant cluster was found while 
assessing correlations with the pretherapeutic tremor scores. This was of particular interest in 
order to exclude a relationship between baseline scores and their respective drop in points 1 
year later, which could have been reflected in our results. Furthermore, age, disease duration, 
or time-to-response after Vim RS were not statistically correlated with baseline brain 
interconnectivity measures (Spearmann’s rank correlation coefficient>0.05, using Stata 
version 11, Stata Corp LLC, College stations, TX, USA). 
 
Results	
 We report three networks, which revealed statistical significant clusters. For ADL 
improvement, we found network 12 (composed by bilateral motor network, frontal eye-fields-
FEF) and network 13 (composed by bilateral thalamus, cerebellum). For TSTH improvement, 
representative was network 14 (composed by bilateral insula, mesial prefrontal cortex).  
 For network 12 (Figure 30, table 5), we found a significant cluster within and adjacent 
to inferior olivary nucleus (ION). The more positive inter-connectivity at baseline between 
ION and network 12, the higher the drop in points on the 1-year ADL score. This result thus 
represents connectivity between bilateral motor cortex and FEF with the ION.  
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Figure 30: Interconnectivity within network 12, between bilateral motor cortex and FEF with ION, 
reproduced with permission from doi.org/10.1111/ane.12891		
 For network 13 (Figure 31, table 5), we found significant clusters within right 
(predominant) and left motor cerebellum lobule V. The more positive inter-connectivity at 
baseline between the former and network 13, the higher drop in points on the 1-year ADL 
score. This result thus represents connectivity between the bilateral thalamus and right motor 
cerebellum lobule V.  
	
Figure 31: Interconnectivity within network 13, between bilateral thalamus with left cerebellar lobule 
V, reproduced with permission from doi.org/10.1111/ane.12891  
 For network 14 (figure 32, table 5), we found significant clusters within right medial 
rostral prefrontal cortex, known as right BA 10. The more positive inter-connectivity at 
baseline between the former and network 14, the higher drop in points on the 1-year TSTH 
score. This result thus represents connectivity between anterior default-mode network and 
bilateral insula with the right BA 10. 
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Figure 32: Interconnectivity within network 14, between DMN and salience with BA 10, reproduced 
with permission from doi.org/10.1111/ane.12891 
Network Inter-connectivity between the network 
and the relevant anatomical cluster 
MNI  p FWE 
corrected 
Kc 
(cluster size) 
12 Inferior olivary nucleus 
(correlates with ADL improvement) 
0 -26 -42 
-6 -34 -40 
0.015 62 
13 Right and left motor cerebellum lobule 
V 
(correlates with ADL improvement) 
6 -58 -10 
-4 -62 -16 
0.000 135 
14 Right rostral prefrontal cortex (BA 10) 
(correlates with TSTH improvement) 
22 58 18 0.005 79 
 
Table 5: summary of main findings, reproduced with permission from doi.org/10.1111/ane.12891 
 
Summary	and	anatomical	relevance	
 Our findings reveal, for the first time, that functional network measures, extracted 
from pretherapeutic resting-state fMRI, correlate with a drop in standard tremor scores one 
year after Vim GKR, for both ADL and TSTH. For ADL improvement, the inferior olivary 
nucleus showed higher inter-connectivity with network including bilateral motor cortex and 
FEF, as well as motor cerebellum lobule V with the network constituted by bilateral thalamus. 
For TSTH improvement, right mesial aspect of BA 10 showed higher inter-connectivity with 
anterior default-mode network and bilateral insula. Of note, ADL is a global tremor score, 
involving many aspects, while TSTH is only related to a specific aspect (e.g. the hand). In this 
sense, neuroimaging distinction of two different clinical evaluations is not necessarily 
astonishing.  
The first network (network 12 in our study) encompasses bilateral motor cortex and 
frontal eye-fields, interconnected with left inferior olivary nucleus. Historically, based upon 
oscillatory-pacemaking properties, inferior olivary nucleus has been proposed as primary 
driver of ET pathogenesis due to its implication in learning and timing of motor behavior230, 
meaning an involvement in control and coordination of movements, sensory processing and 
cognitive tasks. Two types of input are particularly of interest: one allowing for movement 
learning (actions), and other for posture and balance maintaining (maintenance reflexes)231, 
which could be relevant in the context of ET patients. There are four major 
electrophysiological theories about the role of the inferior olivary nucleus: timing, learning, 
comparator and “network oscillations”. Timing theory (Welsh et al.232), suggests the 
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existence of an oscillatory clock, offering proper scheduling of command signals for 
appropriate motor domains; same was supported by Yarom and Cohen233, considering motor 
deficits or tremor appearance as a manifestation of a damaged timing mechanism. 
Consequently, ET would reflect maladjustment in timing of muscle activation. Learning 
theory states that climbing fibers to the inferior olive provide the cerebellar Purkinje cells 
with an error signal indicating an eventual scarce motor activity. Comparator theory 
postulates that climbing fibers of inferior olive provide cerebellar Purkinje cells with a signal 
error that indicates inadequate motor activity. “Network oscillations” theory, suggested by 
Yarom and Cohen233, states that each neuron by itself cannot exhibit oscillatory behavior, but 
only when a network of electronically coupled neurons is formed. The role of ION versus 
cerebellum has been debated for decades as being main actor in ET’s pathogenesis. Louis et 
al.65 have done a systematic post-mortem study of microscopic changes in inferior olivary 
nucleus and did not detect any structural differences between ET cases and healthy matched 
controls. The same author has recently made an extensive review and considered we should 
put the model of the ION as tremor generator at rest234. The same applied for functional 
neuroimaging positron emission tomography studies, which failed to identify any metabolic 
activity at this level66. Both have pointed out towards the conclusion that if inferior olivary 
nucleus is involved in ET, there is no structural or metabolic modification, which would be 
directly related to this disease65. However, an isolated fMRI case-report, after opened surgical 
radiofrequency thalamotomy, revealed significant activation within inferior olivary nucleus 
after surgery67.  
The second network (network 13) encompasses bilateral thalamus and tremor drop 
relates to higher inter-connectivity with bilateral (right predominance) motor cerebellum 
lobule V. In humans, DBS60 or RT61 of the cerebellar thalamic nucleus (i.e. Vim) induce tremor 
arrest235. Additional findings from rs-fMRI studies suggest that the cerebellar thalamus (e.g. 
Vim) and the cerebellum are involved in the mechanism of ET56. Data from electrophysiology 
(Hua et al.), after single neurons awake mapping of the ventral thalamus in patients with ET 
prior to open radiofrequency thalamotomy, suggested that during tremor, Vim had a 
significantly higher proportion of “tremor neurons” compared to other thalamic areas57. These 
findings were considered inconsistent with the olivo-cerebellar model previously described, 
which supposes motor cortex been driven through thalamic connections (which would be a 
combination of networks 12 and 13 in the present study). Schnitzer et al.236 used 
magnetoencephalography and revealed a motor network involving the contralateral primary 
motor cortex, premotor cortex, thalamus, brainstem and ipsilateral cerebellum. A meta-
analysis of neuroimaging studies237 revealed that sensorimotor tasks activated the anterior 
lobule V (and adjacent lobule VI), with additional foci in lobule VIII. Lobule V is mainly 
associated with motor control. Furthermore, motor and somatosensory representations show 
largely overlapping activation patterns, with major cluster focused in lobule V237. The motor 
and somatosensory coordinates were right lateralized, in patients with right-handed tasks (as 
in the present study, right hand tremor and right lobule V activation), consistent with 
established ipsilateral cerebellar somatotopy and homunculi237.  
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 The third network (network 14), rather astonishing at a first sight, includes anterior 
DMN and bilateral insula; inter-connectivity of right mesial aspect of Brodmann area 10 
relates to 1-year drop in TSTH. Brodmann area 10 is considered as the only prefrontal area 
that has predominant interconnections with the supramodal cortex in prefrontal cortex 
(corresponding to network 14), anterior temporal or cingulate cortex. This area is relevant for 
cognitive tasks and by extension non-motor features in ET. Functionally, Semendeferi et al.238 
advocated for a specific increase in connectivity, especially with other high-order association 
areas, underlying the role in initiative taking and the planning of future actions, trademarks of 
human behavior. Ramnani et al.239 stated that due to its particular connectivity patterns, would 
additionally play a crucial role in highest level of integration of multiple sensory modalities, 
coming from auditory, visual and somatic sensory systems, which would help to integrate 
outcomes from multiple cognitive operations. Gilbert et al.240 have designed a “conjunction-
type” fMRI study using a series of tasks that measure the construct of interest. Brodmann area 
10 was activated when people switched from either stimulus-oriented to stimulus-independent 
attending. The authors suggested that medial BA 10 (as in our findings) is involved in 
promoting attention towards the external environment, as, for example, in situations that 
require a particularly fast response to external stimuli.  
 With regard to the present findings, the real central node of ET remains to be 
established. Moreover, two alternative theories could be supported by our results. A 
pacemaker theory, with three possible anatomical locations: the left ION, the right cerebellar 
lobule V or the BA 10, as well as the components with whom they share interconnectivity, 
including the motor network, the thalamus, or the anterior node of the DMN and insula. Our 
findings don’t answer the dilemma whether the cerebellum versus the ION would be the 
central core of the disease. A network theory would advocate for the presence of one versus 
multiple networks, of whom one coupling motor cortex with the ION, the second the thalamus 
with motor cerebellum, and a third between the anterior default-mode network and bilateral 
insula and the BA10. Whether the former act in synchrony or disassociated remains to 
establish by further studies.  
 In the light of what has been described above, one could suppose that the eventual 
oscillatory regulator in ET should have a resetting mechanism. It is most probably that by 
stimulation (such as Vim DBS) or ablative (such as Vim RT, Vim GKR or Vim HIFU) 
procedures, this regulator stops ticking at the appropriate time. Furthermore, it gives a new 
onset, occurrence and terminations within the system’s oscillations, under a new neuronal 
control. Our method was not specifically designed to support existing physiopathological 
theories, and thus these findings shed new light on the implication of networks and their 
alterations on tremor generation.   	
5.5.1.2.	 Using	 both	 pre-	 and	 postherapeutic	 data,	 as	 single	 patient	 group		
(n=17	subjects	x	2	time-points,	n=34)71	
Methodology	
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Data-driven analytic approach we employed considered the concatenated data of the 
34 scans (17 subjects X 2 time-points, pretherapeutic and 1 year after Vim GKR). Total 
number of components (c) was set to 20, which is a setting commonly used in literature for 
identifying large-scale distributed networks. After visual inspection of maps at group level, 2 
(components 1 and 3) out of 20 components were excluded. The other 18 were kept for 
subsequent analysis, as they showed neurologically relevant spatial patterns type.  
For rs-fMRI data, analysis of variance (ANOVA) was implemented in SPM12, as a 
flexible factorial model, on each component, by using individual subject-level maps, to take 
into account time point (pretherapeutic versus 1 year after Vim GKR), response (groups 1 and 
2, further detailed below), and interactions between. Bonferoni correction was used to deal 
with number of models (20). We then report corrected p-values using conventional cluster-
level family wise error (FWE) correction. For correlation between IC values and previously 
detailed tremor scores, STATA version 11 (STATA Corp LLC, College Stations, TX, USA) 
was used.  
 For relevant IC values, there was no influence of age (p>0.05). The influence of 
disease duration was statistically significant only for c9 (see below). The 1-year MR-signature 
volume correlated only with IC strength between bilateral motor areas (c13, further detailed) 
with right visual association area (see below).  
 
Results	
Group	definition	for	further	statistical	analysis	
 Currently available medications improve tremor in approximately 50% of patients and 
Propranolol, most commonly used, reduces tremor amplitude by approximately 50%205. To 
consider a therapeutical effect of Vim RS at least as effective as medication, we 
conventionally divided patients in two groups: 1, <= 50% improvement in TSTH (n=6, 
35.3%) and 2, > 50% improvement (n=11, 64.7%). There was no difference in age (p=0.86) 
or duration of symptoms (p=0.41) between groups. There was a tendency towards higher 
thalamotomy volumes in group 2 (p=0.06, mean in group 1= 0.044 ml (std 0.04, range 0.002-
0.127 ml); mean in group 2= 0.17 ml (std 0.187, range 0.027 - 0.600 ml). This group 
separation is the same as the one proposed for the first VBM research project72, on a different 
population of patients. 
Interaction	between	time-point	and	clinical	response	
 We report statistically significant IC within 2 networks. The first is salience, involving 
bilateral superior frontal gyri and insular areas (c9) with left claustrum and putamen. The 
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second is bilateral motor network (c13), left cerebellum lobule VI and FEF with right visual 
association cortex, right BA 19.  
For left claustrum and putamen, corresponding boxplots are shown in figure 32. At 
baseline, IC were positive in group 1 and remained further so, while being close to zero in 
group 2 (figure 32, corresponding boxplots on time effect depending on group). Functional 
connectivity differences (between 1 year and baseline) actually related to TSTH 
improvement, allowing a separation of group 1 from group 2 (main figure 33, right). 
	
Figure 33: Main component 9 (IC with MNI -30 8 0), from left to right: anatomical images, boxplots 
and corresponding values by group, as well as difference in IC 1 year after Vim GKR, allowing a 
clear separation between groups, reproduced with permission from doi.org/10.1007/s00701-017-
3456-x 
 
For right visual association area, corresponding boxplots are shown in figure 34. At 
baseline, they were negative in group 1 and inversely positive at 1 year, while being close to 
zero in group 2 (figure 34, corresponding boxplots as time effect depending on group). 
Moreover, a decrease in IC at 1 year was related to TSTH improvement, allowing a separation 
of group 1 from group 2 (Figure 34, right). Spearman’s rank correlation coefficient=0.01).
	
Figure 34: Main component 13 (IC with MNI 32 -80 10), from left to right: anatomical images, 
boxplots and corresponding values by group, as well as difference in IC 1 year after Vim GKR, 
allowing separation between groups, reproduced with permission from doi.org/10.1007/s00701-017-
3456-x 
  
Main	effect	of	time	point		
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We report statistically significant IC within two networks. The first is right dorsal 
attention network (c2) with the left anterior ventro-lateral prefrontal cortex (VLPFC). The 
second is salience network (c9) IC with fusiform gyrus, with a cluster including parts of right 
visual area V5, the former illustrated in Figure 34 (right side).   
 Figure 34 illustrates, on the right side, the reminiscent of the salience network, which 
showed altered interconnectivity with right fusiform gyrus and V5 (FWE= 0.000, right image, 
upper part). For this former network, opposite results are seen as compared with the one 
described in interaction between clinical effect and time, in network (c13), between bilateral 
motor cortex, FEF and left cerebellum lobule VI, with right visual association cortex, right 
BA 19 (as previously described). Overall interconnectivity values decreased from slightly 
positive to the opposite slightly negative values (Figure 34, left image, middle part). 
Furthermore, patients who alleviated less (group 1) presented slightly positive pretherapeutic 
interconnectivity (which decreased to median of slightly negative symmetric, close to zero, 
one year later), while those who alleviated more (group 2), had pretherapeutic negative 
median values (close to zero, which slightly increased to a median of zero one year later) 
(Figure 34, right image, lower part). The results are presented as compared with the one from 
the interaction between time (pre- and one year post-therapeutic, as previously described) 
with clinical effect, of which network interconnectivity strength between c13 with right visual 
BA 19 related to tremor arrest after Vim RS (FEW= 0.001, Figure 34, left, upper part241). 
Both pretherapeutic interconnectivity (Figure 34, right, middle part), as well as difference 
between 1 year and baseline, related to TSTH improvement after Vim GKR. Furthermore, 
patients who alleviated less presented negative pretherapeutic interconnectivity (which 
increased to median positive values one year later), while those who alleviated more, had 
already positive pretherapeutic values (which decreased to a median of zero one year later) 
(Figure 35, right, lower part). We concluded, based upon the previous, that Vim GKR seems 
to bring interconnectivity in the visual areas back to normal for all patients, but the ones who 
had this region more functionally integrated 
pretherapeutically had much larger benefit. 
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Figure 35: Adapted from Brain223, with permission: right, main effect of time: upper part, interconnectivity between 
the main network, including remnant salience network with right fusiform gyrus (including V5); middle part, boxplot 
illustration of overall interconnectivity values in pre- and postherapeutic states; lower part, boxplot illustration with 
regard to the group clinical effect (with less or equal and more than 50% improvement); left, interaction between 
clinical effect and time: upper part, interconnectivity between the main network, including left cerebellum lobule VI, 
frontal eye fields and bilateral motor cortex with right visual association area (Brodman area 19, including V3, V4 
and V5); middle part, pretherapeutic interconnectivity predicts tremor score on the treated hand improvement 1 year 
after Vim RS (Spearman rank correlation coefficient 0.001); lower part, boxplot illustration with regard to the group 
clinical effect (with less or equal and more than 50% improvement). 
 
 
Summary	and	findings	and	anatomical	relevance	
In this research project, we report TSTH improvement correlated with IC strength 
between salience network with left claustrum and putamen, as well as between bilateral motor 
cortex, FEF and left cerebellar lobule V with right visual association area. Longitudinal 
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changes showed additional associations in IC strength between salience network with 
fusiform gyrus. 
To summarize, we show two different relevant circuitry with regards to our patients: 
one is related to a basal ganglia network, while the second to visual association areas, the 
former linked with M1.  
The basal ganglia circuitry is briefly overviewed. The input and output of claustrum is 
related to almost all regions of cortex (including cingulate, visual areas in occipital lobe, 
enthorhinal cortex, and temporal areas)242. Furthermore, we identified that the anterior dorsal 
part, found here, connects with motor and somato-sensory cortex. Main functions include: 
cross-modal perception243, coordination of matching between visual and tactile modalities244, 
and has even been invoked as important to consciousness242. The putamen, by its connections 
to substantia nigra and globus pallidus, plays a major role in movement regulation, motor 
learning, preparation, sequences, tasks and amplitude, limb movement control, and as part of 
motor system that is mobilized to take action, or influences various types of learning245.  
With regards to the visual circuitry (e.g. visual association area), several hypotheses 
with regards to their relevance have been already discussed in each discussion section of the 
VBM projects. One appealing theory with regard to the present findings would be visual input 
to caudate nucleus and claustrum and further to M1246, explaining appearance of the former in 
another component from the same analysis. Another would give the cerebellum the role of a 
“calibrator”. Other functions of the visual association cortex are related to feature extraction, 
attentional and multimodal integrating functions. Furthermore, electrophysiology data suggest 
sensitivity to motion-delineated forms217 and its role as a differentiation point between the 
'what' and 'where' visual pathways. Additional involvement of the visual association cortex is 
in horizontal saccadic eye movements, visuospatial information processing, orientation-
selective attention and tracking visual motion patterns215.  
The fusiform gyrus, interconnected here with salience network, is mainly involved in 
high-level vision as part of the ventral visual stream (“what” pathway) and various neural 
pathways related to recognition. It encompasses the middle temporal area (V5), and plays a 
major role in motion perception, integration of local motor signals into global percepts, and 
guidance of some eye movements. Major projections include eye movement-related areas 
(e.g. FEF). It is worth noting that both V5 and V6 have high myelin content, a characteristic 
that is usually present in brain structures involved in fast information transmission.  	
5.5.2.	Seed	based	approaches221,	222	
5.5.2.1.	General	concept	
 In a seed based approach, we used rs-fMRI to characterize the antero-lateral, motor 
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thalamus, temporal correlations at whole brain level. This is based upon the prior hypothesis 
of the “tremor network” and its successful targeting in drug-resistant tremor (e.g. at the Vim 
level), in which a core role is played by the motor thalamus within this network. Seed-based 
FC was obtained as correlations between the VLV’s time courses and the one of every other 
voxel. One-year MR-signature volume was always located inside VLV and did not correlate 
with any reported seed-FC measures (p>0.05). 
 
5.5.2.2.	Main	hypothesis		
Our first hypothesis was that pretherapeutical FC is impaired within the previously 
described “tremor network” as compared with HC, based upon recent fMRI studies and 
existing physiopathological theories55, 56, 247. However, beside the main Vim’s role in tremor 
propagation and its altered thalamo-cortical connectivity in ET56, recent studies have specified 
an increased FC of sensory-motor and salience networks in ET as compared with HC248. Our 
second hypothesis was that Vim GKR would not only generate changes within the thalamo-
cortical network, but also produce a functional reorganization of salience networks.  
 
5.5.2.3.	Methodological	aspects	and	VLV	extraction	from	diffusion	MR	data		
 More exactly, ventro-lateral ventral nucleus (VLV, nomenclature form Morel et al.30) 
was used a region-of-interest (ROI), to encompass the lack of direct Vim’s visibility in 
current 3T MRI. Furthermore, it allowed a uniform segmentation procedure.  
The VLV was obtained individually, by Dr Najdenovska, using an automated, robust 
and reproducible method for thalamus parceling, while exclusively exploring local thalamic 
diffusion properties across both healthy subjects and patients with ET (pretherapeutic data), 
and already published249. In fact, nomenclature for motor thalamus subdivisions has varied 
between authors and species. For consistency reasons, we will refer only to Vim and VLV in 
the present research part.  
Left and right VLV, seed-to-voxel FC maps were generated individually using the 
REST package219 (e.g. seed-to-voxel  implementation), that computes FC of a ROI (e.g. left 
and right VLV) and any other voxel in the brain. Furthermore, they were normalized applying 
the Montreal Neurological Institute (MNI, Montreal, Canada) template, using SPM 12 
(London, United Kingdom). The resulting connectivity maps were statistically analyzed at the 
group level with SPM 12, using a variety of different tests: 1- one-sample t-test for evaluating 
left and right pretherapeutic VLV seed-based FC; 2- a regression analysis (ANOVA flexible 
factorial), using a general linear model, for assessing pretherapeutic rs-fMRI FC, which 
would relate to 1-year ADL, TSTH and head tremor arrest; 3- a two-sample t-test, to asses 
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alterations in FC between the pretherapeutic state and the HC; 4- a paied t-test to asses 
changes in FC between pre- and post-therapeutic state. The ET population was described 
above. Ten healthy controls (HC) were enrolled (age and gender matched) with a mean age of 
70.4 years (median 71; range 59-83 years; male to female ratio: 4:6). 
We first applied an uncorrected height threshold of p<.001 followed by a p<.05 FWE- 
or FDR-corrected cluster-size threshold. All the presented scatter plots are statistically 
significant results and were made using Stata (version 11, Stata Corp LLC, College stations, 
TX, USA).  
We assessed the potential confounders. The classical MR signature volume, visible 1 
year after Vim RS, was always located inside left VLV cluster (as an example please see 
figure 36 for methodological aspects). Moreover, there was no statistically significant 
correlation between this volume and the FC values. Also, no difference was found between 
left and right FC (p>0.05). 
	
Figure 36: a- region-of-interest extraction by Dr Najdenovska, using a methodology, which has 
already been published; b- brief and artistical overview of the seed-to-voxel approach, with the 1-year 
MR signature volume always contained inside the VLV cluster (permission for reproducing this figure 
is not required, but the journal article need to be cited221) 	
5.5.2.4.	Results	
Left	and	right	VLV	FC	
	 There was no statistically significant difference between left and right FC (p>0.05).   
 
Pretherapeutic	FC	predicts	1-year	tremor	improvement		
 We report statistically significant correlations between pretherapeutic left VLV FC 
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with right visual association area (BA 19), which predicted 1 year ADL drop (punc=0.02- SPM 
result, more positive FC associated with better improvement; figure 37, a)
	
Figure 37: a- illustration of left VLV seed-to-voxel FC maps (with right visual association area), 
which predicts 1 year ADL’s improvement; b- boxplots with the FC values for HC, baseline ET and 
ET 1 year after SRS-T; c- the illustration of mean, median, standard deviation and range for each of 
the groups (permission for reproducing this figure is not required, but the journal article need to be 
cited250) 
 While in HC the mean and median left VLV FC values were -0.149 and -0.165, in 
pretherapeutic state they were -0.19 and 0.003 and in post-therapeutic state 0.040 and -0.055, 
respectively. For details please see figure 3 (b and c, with the respective boxplots and mean, 
median, standard deviation and min and max values). However, there was no statistically 
significant difference between the FC values for HC and ET before SRS-T (two sample t-test, 
p= 0.26), or between the former and 1 year after SRS-T (paired t-test, p=0.25).  
The patients who alleviated more in terms of ADL drop were those with an increase in 
FC values 1 year after SRS-T, as compared to pretherapeutic state.  
Furthermore, pretherapeutic left VLV FC with left fusiform gyrus (BA 37) predicted 1 
year head tremor score improvement (punc=0.04- SPM result, more negative FC associated 
with better improvement; figure 38, a). While in HC the mean and median leftVLV FC values 
were 0.053 and 0.044, in pretherapeutic state they were 0.272 and 0.215 and in post-
therapeutic state 0.08 and 0.022, respectively. For details please see figure 38 (b and c, with 
the respective boxplots and mean, median, standard deviation and min and max values).  
There was a statistically significant difference between the FC values for HC and ET 
before SRS-T (two sample t-test, p= 0.05), or between the former and 1 year after Vim GKR 
(paired t-test, p=0.5). Moreover, there was no statistically significant difference between HC 
and 1 year after Vim GKR. The patients who alleviated more were those with a drop in FC 
values, getting back to similar values, as the ones of the HC.  
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Figure 38: a- illustration of left VLV seed-to-voxel FC maps (with left fusiform gyrus), which predicts 
1 year head tremor improvement (n=11, for pretherapeutic head tremor score >=1); ; b- boxplots 
with the FC values for HC, baseline ET and ET 1 year after Vim GKR; c- the illustration of mean, 
median, standard deviation and range for each of the groups (permission for reproducing this figure 
is not required, but the journal article need to be cited250) 
VLV altered FC in pretherapeutic drug-naïve ET as compared with HC 
 Drug-naïve ET, compared with HC, showed decreased (median negative value) FC 
between the left VLV and the following clusters: left primary somatosensory area (inferior 
part, pFWE-cor=0.035), pedunculopontine nucleus (pFWE-cor=0.003) and dorsal anterior cingulate 
cortex (BA 32, pFWE-cor=<0.001). Furthermore, a decreased pretherapeutic FC with the 
primary somatosensory cortex (Spearman=0.04) and pedunculopontine nucleus (PPN, 
Spearman= 0.01, Figures 39 and 40) correlated with baseline ADL. Drug-naïve ET, compared 
with HC, revealed increased left FC with left visual association cortex (BA19, pFWE-cor=0.005, 
Figure 41) and left superior parietal regions (BA 7, pFWE-cor=0.014).                               
  	
Figure 39:	Difference in FC between HC and ET in (from left to right): left primary somatosensory 
area, pedunculopontine nucleus, and dorsal anterior cingulate (permission for reproducing this figure 
is not required, but the journal article need to be cited221) 
. 
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Figure 40: decreased pretherapeutic FC of left VLV with pedunculopontine nucleus as compared with 
HC (Spearman= 0.01) correlates with baseline ADL (permission for reproducing this figure is not 
required, but the journal article need to be cited221) 
	
Figure 41: ET patients, as compared with HC, showed increased left FC with left visual association 
cortex (BA19, pFWE-cor=0.005) and left superior parietal regions (BA 7, pFWE-cor=0.014) (permission for 
reproducing this figure is not required, but the journal article need to be cited221)	
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Changes	in	VLV	FC	between	pre-	and	post-therapeutic	state		
  We found a decrease from pretherapeutic positive FC to a median value close to zero 
1 year after Vim GKR (Figure 42, from a to d) between left VLV with the following clusters: 
right insular and orbito-frontal cortex (BA 47, pFWE-cor=0.000), right BA 40 (posterior parietal, 
supramarginal gyrus, pFWE-cor=0.002), left BA 13 (anterior insula, pFWE-cor=0.000) and right 
BA 44 and 8 (inferior frontal gyrus and FEF, pFWE-cor=0.002).  
 On the other hand, an increase from pretherapeutic negative FC to a median close to 
zero 1 year after Vim GKR is reported for left VLV FC with right supplementary motor area 
(SMA, puncor=0.015).  
 The boxplots are illustrated in Figure 42, both for pre- and posttherapeutic state (1 
year after Vim GKR).  
											 	
Figure 42: Illustration of differences of left VLV seed-to-voxel FC values for the statistically 
significant clusters in pretherapeutic – 1 year after Vim GKR: right insular and orbito-frontal (a), 
posterior parietal cortex (b), left anterior insular cortex (c), right inferior frontal gyrus and frontal-
eye fields (d) (permission for reproducing this figure is not required, but the journal article need to be 
cited221) 
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5.5.2.5.	Summary	and	anatomical	relevance	
 In this part of the thesis research project, we focused on FC of the ventro-lateral 
thalamus, the most commonly used surgical target (e.g. Vim) for tremor.  
With regards only to baseline rs-fMRI data, we report that pretherapeutic left VLV 
seed-FC correlates both with 1-year tremor drop (ADL and head) after Vim GKR. 
Furthermore, pretherapeutic FC between left VLV and right visual association area relates to 
one-year drop in ADL after Vim GKR (more positive FC between left VLV and right visual 
areas associated with better improvement). In fact, patients with largest difference in left VLV 
FC with respect to pre- and postherapeutic state did have the largest benefit in ADL 
improvement from the Vim GKR. Pretherapeutic FC with left fusiform gyrus correlates with 
1-year head tremor drop in points (more negative FC associated with better improvement). 
Here, there was a statistically significant difference between HC and pretherapeutic state, as 
well as between the pre- and posttherapeutic state. In fact, altered FC of the left VLV in ET 
went back to values close to the ones in HC after SRS-T. Moreover, patients with a drop in 
FC did have the largest benefit with respect to head tremor improvement.  
We hypothesized that altered FC between the ventro-lateral thalamus with parts of the 
so-called “cerebello-thalamo-cortical” loop would predict tremor and time to tremor arrest. In 
the light of the previous, we postulated that a cerebello-thalamo-visuo-motor network is 
involved in tremor generation and further arrest after Vim GKR.  
The ventro-lateral thalamic connections have been previously described by numerous 
studies. Using structural neuroimaging (e.g. tractography), Hyam et al.251 suggested that 
Vim’s connections are with ipsilateral M1 and contralateral cerebellum. In a recent structural 
(e.g. diffusion clustering of thalamic nuclei) study33, it has been advocated a structural 
connectivity between VLV with contralateral cerebellar peduncle and ipsilateral M1 and red 
nucleus. More recently, a functional neuroimaging study (Fang et al.56) used also ROI 
approach and evaluated time-courses of Vim in ET as compared with healthy controls. The 
authors reported FC increase between Vim and M1 area in ET, as well as a decrease with 
cerebellum. It is worth noting that the same circuit has also been advocated also in normal 
(nonhuman) primates252 and healthy humans253. However, our findings involve anatomical 
clusters, which are not part of the previously described tremor network. All the statistically 
significant functional connections between the target (left VLV) and right visual association 
cortex and left fusiform gyrus are most probably related to polysinaptic connections, which 
can relate regions that are structurally segregated. Right BA 19, related to ADL drop, is 
encompassing here visual areas V2 and V3. The main functions are: visuo-spatial information 
processing212, face-name association254, multimodal integration functions and 
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differentiation points of the main two visual streams (“what” and “where”). Left fusiform 
gyrus (BA 37) is involved in face recognition255, visual motion processing256 or face-name 
association257. In a recent study, Ignacio Seranno et al.258 have depicted differences in cortical 
thickness of right fusiform gyrus between 2 groups of ET patients. The authors concluded that 
these structural differences might account for a different clinical subtyping.  
Concerning the FC alterations between pretherapeutic ET versus HC, several aspects 
warrant further consideration. At cortical level, some of the representative regions have 
already been reported by previous studies. This includes primary somatosensory/somatomotor 
cortex259, responsible for integration of somatic sensation, visual stimuli, and movement 
planning260 or BA 32, involved in “Stroop” task261, with relevance in ET. We further report 
newly discovered FC alterations of left VLV with left posterior parietal BA 7 and left visual 
association cortex BA 19. The BA 7 is involved in locating objects in the space and represents 
a point of convergence between vision and proprioception; its presence suggests a functional 
alteration of sensorial networks in ET. The left BA 19 presence is somewhat surprising, most 
probably by polysynaptic connections, and would expresses currently underestimated 
alterations of visual networks in ET. Interestingly, we also report altered FC between the left 
VLV with the PPN, an anatomical structure responsible for modulation of gait (initiation, 
maintenance, modulation and other stereotyped motor behaviors). The PPN has been 
classically explored in DBS for Parkinson’s disease patients with axial symptoms, less 
responsive to subthalamic nucleus stimulation and is considered highly inter-connected with 
the pallido-thalamo-cortical circuit262. In the context of ET patients, alterations in FC between 
this structure and the motor thalamus are most probably related to other neurological features, 
already acknowledged, mainly deficits on both balance (the ability to maintain the body 
within its base of support) and gait263. An additional argument in favor of this statement is the 
found correlation between pretherapeutic ADL and FC with this structure, being know that 
ADL is global score including also aspects related to gate and posture.  
 An added value of this particular part of our research project is the display of 
longitudinal changes in FC, 1 year after Vim GKR. For dorsal attention and salience network, 
FC exhibited a decrease from positive median values to ones close to zero after Vim GKR. 
This would support the fact that pretherapeutic global increase in FC, described by other 
authors in these networks248, is an adaptive change during ET disease course. In this sense, 
Vim GKR generates a progressive functional reorganization of these systems, with further 
decrease of an originally probably adaptive and compensatory hyperactivity, thought to 
balance tremor appearance and disease progression. The same type of changes described in 
the previous networks is applicable to left VLV FC with anterior insula, involved in salience 
and warrants further attention. It is well acknowledged that insula is the bottom-up 
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detection of salient events, allowing switching between other large-scale networks to facilitate 
access to attention and working memory resources, when a salient event is detected. 
Moreover and of high relevance, anterior insula has a strong additional functional coupling 
with anterior cingulate cortex, facilitating rapid access to the motor system264. It would so act 
as an integral hub in the generation of appropriate behavioral responses to salient stimuli264. 
Sridharan et al.265. revealed that right anterior insula plays a critical and causal role in 
interchanging between two other major networks (central attention and default-mode 
network), known to demonstrate competitive interactions during cognitive information 
processing. Across stimulus modalities, this structure would play a critical and causal role in 
activating the central attention and deactivating the default-mode network265. These entire 
features would give the insula a balance capacity between salience and motor networks. We 
additionally report FC changes with the right SMA, which has multiple roles, including 
postural stability during stance or walking, bimanual coordination or initiation of internally 
generated as opposed to stimulus driven movement266. 
 
5.5.3.	Methodological	perspectives:	connectivity	activation	patterns	
5.5.3.1.	General	concept	
Spatial patterns of spontaneous activity might involve different subregions of a 
network at different times, possibly reflecting functionally relevant relationships that cannot 
be captured by conventional data analysis267. Seed region-based linear correlation analysis is a 
reliable measurement of co-activation of two regions, but provides little valuable information 
of co-activation of more than two regions267. Here, we used BOLD fMRI during resting-state, 
to characterize dynamic interactions of the extrastriate cortex. 
In fact, we examined a subpart of the right extrastriate cortex (Brodmann area 19, 
including V3, V4 and V5) as a unique ROI. It was been chosen from our previously published 
data71, 223, given its interconnection with the cerebellum lobule VI, bilateral motor cortex and 
FEF. We applied co-activation patterns (CAP) methodology, to extract whole brain spatial 
patterns of brain activity that occur dynamically over time. We hypothesized, based upon 
previous findings71-73, 268, that the extrastriate cortex in ET presents adaptive changes, in 
synchrony with the cerebello-thalamo-cortical axis, as a part of a multi-component oscillatory 
system. Lastly, we examined whether this oscillatory system responds to interventional 
studies, such as Vim GKR, and further correlated the BOLD response signal not only 1 year 
after such intervention, but also in a HC group.  	
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5.5.3.2.	Materials	and	methods	
5.5.3.2.1.	Subjects	
Here, we included 42 participants: 12 HC (group 1; age and gender matched), 15 
patients with ET (group 2; right-sided, drug-resistant) before Vim GKR and the same 15 
(group 3) one year after left unilateral Vim GKR. In fact, 30 patients (with pre- and 
postherapeutic data, n=60) entered the initial analysis. As there was still residual movement in 
the results with a threshold of 0.5 mm for the Power index, we decided to lower it to a more 
conservative value of 0.4 mm, so as to avoid any movement artifacts. Finally, after rigorous 
scrubbing procedure, only 15 remained for subsequent functional connectivity analysis and 
are reported in the frame of this part of the research project. For those, only the remaining 
frames were further considered. At baseline, the mean number of remaining frames was 251 
out of 300 (median 269, range [202,283]) and at 1 year after Vim GKR it was also 251 
(median 259, range [179,294]).  
Mean baseline ADL (n=15) was 28 (range [13,49]) and mean drop after Vim GKR 
was -23.6 (range [2,-48]). Mean baseline TSTH (n=15) was 19 (range [8,30]) and mean drop 
after Vim GKR was -13 (range [-4,-22]). The mean time to clinical response was 133 days 
(median 120, range [15,300]), which is in accordance with the delayed and well-known 
clinical and radiological response of RS 235 taking up to one year after the procedure.  
5.5.3.2.2.	Co-activation	pattern	mapping:	brief	description	
Co-activation patterns (CAPs)267, 269 were generated using an in-house toolbox, created 
as part of our interest in dynamic connectivity270. CAP analysis is a frame-wise dynamic 
functional connectivity tool, which allows the identification of spatially distinct networks co-
activating with a chosen ROI region at given time points. They can then be further analyzed 
in terms of spatial and temporal features. The whole-brain co-activation patterns with the right 
extrastriate cortex seed were computed, by retaining fMRI volumes for which the seed signal 
exceeded a z-scored value of Tseed=0.5 and subsequently separating them through K-means 
clustering (spatial correlation used as distance measure, 100 iterations, 20 repetitions, random 
data points for initialization); similarly to previous CAP studies 267, 269, only the 15% most 
active and 5% most deactive voxels in each fMRI volume were considered for the clustering 
step, also discarding all remaining non-null clusters with less than 6 neighboring elements. A 
CAP was defined as the average of all frames attributed to a cluster.  
For each CAP, we computed a dynamically informative subject-specific metric: the 
count number or number of occurences (i.e., the number of times entering the assessed state). 
Thus, larger count values reflect a more frequent occurrence of a given co-activation pattern 
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during moments of seed activity. Here, we report a part the results obtained with K=3 CAPS, 
number chosen after careful analysis. The CAP were generated on 27 subjects (12 HC plus 15 
pretherapeutic ET); furthermore, they were assigned to the 15 ET cases, 1 year after Vim 
GKR.   
One-way MANOVA analysis with repeated measures (STATA version 11 (STATA 
Corp LLC, College Stations, TX, USA)) was considered appropriate, as there were no 
multivariate outliers seen by boxplot and Mahalanobis distance (p>.001), no multi-
collinearity (r<.65), and homogeneity of variance-covariance matrices (Box's M test, p>.001).  
The normalized counts that significantly differed between groups were used to 
determine the relation with the clinical tremor scores and time to tremor arrest (see Methods 
section). A p-value lower than 0.05 (Spearman’s rank correlation coefficient) was considered 
statistically significant. Data is presented as median ± standard error of the mean, unless 
otherwise stated.  
5.5.3.2.3.	Results	
Co-activation	patterns	
 The retained frames (described in details below) were attributed to the following co-
activation regions, equally occurring in a group including both the HC (n=12) and ET patients 
(n=15)(total, n=27): cerebello-visuo-motor (CAP1, 38.6%), thalamo-visuo-motor (CAP2, 
32.6%) and basal ganglia and extrastriate cortex (CAP3, 28.8%). 
 
Figure 43: Illustration of connectivity activation patterns in our population, from 1 to 3 (left to right) 
CAP	1:	Cerebello-visuo-motor		
 This CAP illustrates the cerebellum lobules VI and VIIIa, bilaterally, the fusiform 
gyrus, visual areas V1, V2, V3 and V5, as well as with the primary sensory-motor cortex 
(Figure 43, left).   
CAP	2:	Thalamo-visuo-motor,	including	targeted	thalamus		
This CAP displays the left cerebellum lobule VI, fusiform gyrus, V1, V2 and V5 areas 
and the bilateral primary sensory-motor cortex (Figure 43, center). Moreover, one can 
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visualize here the left targeted thalamus, as well as parts of the basal ganglia circuitry, such as 
the caudate, putamen and globus pallidus.  
 The count metric (Figure 44, a, for illustration) was increased in pretherapeutic ET 
(median 25, range [10,44]) as compared to HC (median 17, range [4,43]; p=0.02), and further 
decreased to similar values as the HC at 1 year after thalamotomy (median 19, range [2,26]; 
pHC,postET=0.96; ppreET,postET=0.003; pAnova<0.001). There were statistically significant negative 
correlations between pretherapeutic CAP2 count numbers and ADL (Figure 44, b, 
Spearman’s rank correlation coefficients of 0.02).  
CAP	3:	Basal	ganglia	and	extrastriate	cortex		
This CAP includes the left and right cerebellum lobule VIIIa, parts of the extrastriate 
cortex (fusiform gyrus, left V2, right V3, V5), the bilateral primary visual cortex V1, the right 
superior parietal lobule and the right primary somatosensory cortex, the right insula and parts 
of the basal ganglia, such as the right putamen (Figure 43, right).	
	
Figure 44: a-illustration of the number of counts, as boxplots, for CAP 2, in ET, HC and post-Vim 
GKR states, with associated p-values; b-correlation between pretherapeutic ADL and the number of 
counts for CAP2  		 In conclusion, multiple regression analysis showed that pretherapeutic standard tremor 
scores negatively correlated with the increase occurrence of the thalamo-visuo-motor 
network, suggesting a rather compensatory pathophysiological trait. The clinical improvement 
after thalamotomy was related to changes of occurrences of the basal ganglia and extrastriate 
cortex circuitry, which came back to HC values after the intervention, which suggests a role 
of dynamics of the extrastriate cortex in tremor intervention. This also suggests a broader 
implication of the visual system in tremor generation, and not only through visual feedback, 
given its connections on the dorsal-stream visual pathway, and the cerebello-thalamo-cortical 
circuitry, with which its dynamic balance seems to be crucial for reduced tremor. 
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5.5.4.	General	discussion	of	radiobiology	of	Vim	GKR	in	ET	
There is an emerging literature concerning the potential role of the visual system in 
tremor, as well as of a visually sensitive structural and functional network in tremor in general 
and ET in particular. The candidate, using multiple computational approaches, has also shed 
new light on this novel and interesting pathophysiological aspect. 
It has been previously advocated that vision is critical for the performance of basic 
motor tasks, particularly those tasks which require a degree of fine motor control and 
dexterity77. Furthermore, reports of the tremor-vision association have provided subjects with 
an amplified view of their tremor, which has already been acknowledged78. The hypothesis of 
such studies was that in neurologically intact subjects, a potential tremor presence at the level 
of the distal segment is so small that subtle changes in tremor amplitude cannot be detected by 
the visual system79. One might think that by amplifying the tremor image (but not tremor 
itself), the visual system might be better capable to perceive the small amplitude tremor 
inherent to each limb segment. Furthermore, this type of reaction could potentially allow for 
greater control of the limb segment in question. This has not been conclusively demonstrated, 
in the sense that augmented visual feedback would minimize finger tremor78. However, this 
amplification approach is broadly adopted in microsurgery, so as to maximize accuracy and 
precision80. Most probably, while visual feedback plays a role, other factors might be 
involved in tremor influence, such as the goal of the task, the number of the involved 
segments, the dexterity, etc.  
 Moreover, in ET, Gironell et al.70 analyzed 19 patients, while recording 
neurophysiologic tremor with a tri-axial accelerometer transducer attached to the dorsal 
surface of the index finger of the most affected hand. One recording was made with visual 
feedback (eyes opened) and the other without visual feedback (eyes closed) and the order of 
the two recordings was randomized. The authors concluded that tremor significantly 
improved in the absence of a visual feedback. Possible hypotheses remained a visual 
component of tremor, but also that visual feedback might increase patient anxiety, increasing 
also in turn muscle activity and therefore tremor70.   
Additional evidence came from structural studies, evaluating pretherapeutic gray 
matter density (GMD), but also its changes after thalamotomy for ET, as related to clinical 
effect.  We have postulated that a widespread visually-sensitive structural network in ET is 
affected by Vim GKR72, 211. Additional reports using DTI271 revealed visuospatial function 
correlation with the right parieto-occipital lobe. Furthermore, functional studies have brought 
new evidence of a visually sensitive network in essential tremor. In an observational study, 
Archer et al. 272 used task-based fMRI and suggested the involvement of the extrastriate areas 
V3 and V5, as related to tremor severity in patients with essential tremor (ET). The authors 
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obtained right hand force measurements during functional MRI of a grip force task while they 
manipulated visual feedback. The conclusion was that the severity of tremor is exacerbated by 
increased visual feedback, suggesting that designers of new computing technologies should 
consider using lower visual feedback to reduce tremor in ET. This aspect is in perfect 
concordance with previous observations in a randomized trial in ET, which concluded that 
tremor significantly improved in the absence of a visual feedback70. We implemented an 
interventional study, and investigated ET patients using resting-state fMRI241, acquired before 
and 1 year after Vim GKR. The results have been already underlined and prompt towards a 
visually sensitive functional network in ET, which responds to Vim GKR71, 223, 250. Other 
functional studies, including one recent resting-state (18F)-FDG PET/CT, considered the 
brain glucose metabolism in 10 patients with ET273, and reported an unexpected 
hypermetabolism in primary and association visual cortices. 
 The thalamus versus the cerebellum could be seen as a calibrator of the relationship 
between the “tremor ax” and the visual system. It is now well acknowledged that the 
cerebello-thalamo-cortical loops play a major role in the emergence of pathological tremor 
and voluntary rhythmic movements274. Recent evidence has even suggested that there are 
specific fingerprints between essential, Parkinsonian’s and mimicked tremors274. However, 
despite the subtle differences in cerebellar source topography, the authors found no evidence 
that the cerebellum is the source of oscillation in essential tremor, or that the cortico-bulbo-
cerebello-thalamo-cortical loop plays different tremorogenic roles in ET274. Other studies 
revealed, by coherent source activity, parts of the “tremor axis”, including the cerebellum, the 
thalamus, or the motor and premotor cortex275. Moreover, some authors considered the 
cerebellar source in ET as being the motor cerebellum276.  
 In metabolic studies, magnetic resonance spectroscopy has suggested decreased levels 
of N-acetylaspartate in the cerebellum. This particular finding would be related to a loss or 
dysfunction of neurons277. It has been further advocated that cerebellar metabolism is high at 
rest, increases with arm extension278, and decreases with ethanol administration (which is 
known to suppress ET)279. Pathological studies280, although not all of them281, have shown a 
Purkinje’s cell loss in the cerebellum. Increased gamma-aminobutyric acid (GABA) has also 
been reported in the cerebellum of people with ET282.  
We postulated that a cerebello-thalamo-visuo-motor network is responsible for tremor 
arrest after thalamotomy by GKR223. We advocated that this pathophysiological feature is 
explanatory for a more prominent role, rather than a simple, individual, adaptive trait. We 
suggested that interconnectivity between the cerebellum lobule VI and bilateral motor cortex 
would have a prone role in sensory guidance of movements of hands and fingers, and further 
in movement control241, placing the cerebellum as a “calibrator” between the visual and motor 
systems. We thus hypothesized that the input from the visual to the contralateral motor 
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network could be regulated by the cerebellum, which was also based upon previously 
published data210. Furthermore, other authors have suggested a similar circuitry, based on 
task-based fMRI findings283. In our work in perspective, using CAP, we found that resting-
state functional connectivity of the extrastriate cortex reveals different dynamic co-activation 
patterns. Moreover, these patterns are equally distributed between a “cerebello-visuo-motor”, 
a “thalamo-visuo-motor” and a “basal ganglia and extrastriate” network. In this research 
project, a clinical improvement after Vim GKR is more related to changes within the basal 
ganglia and extrastriate cortex circuitry. All these networks aligned ET patients to HC at 1 
year after Vim GKR, suggesting a role of the extrastriate cortex and its dynamic connectivity 
in tremor generation and further arrest after interventional procedures. This opens the 
discussion for a potential new target for tremor, as we previously advocated in earlier studies, 
aiming at the extrastriate cortex71, 72, 211, 223. Whether the changes in the circuitry of the 
extrastriate cortex are adaptive to tremor, or rather relate to tremor generation itself, remains 
to be discussed and confirmed by further studies.  
	
5.5.5.	Strengths	and	limitations	
The strengths of our rs-fMRI studies are several. One is the minimal patient 
compliance and the extraction of rich information, using powerful computational approaches. 
The second is related to the absence of prior hypothesis (for the ICA studies), showing new 
and interesting findings (e.g. the cerebello-thalamo-visuo-motor network), which could 
improve the current understanding of ET’s pathophysiology, but also the radiobiology of Vim 
GKR at large. Concerning this former aspect, one might think that in the future, using a 
particular functional connectivity profile, we could better select patients for Vim GKR, 
improving the efficacy, while decreasing the toxicity of this procedure. This aspect is not, 
however, the only important one. A genetic sampling, individual patient’s other disease etc 
could contribute to the current heterogeneity of the results.  
Our study has a number of limitations. One is the still relatively small number of 
subjects. Another one, related to study design, is the use of resting-state data, which might not 
be directly related to motor performance; however, we aimed at studying network changes in 
the absence of a task. Furthermore, the neurological evaluation was not blinded. Thalamic 
clustering procedure, although robust and reproducible has the same limitations as all 
clustering procedures from diffusion data. Furthermore, by employing multiple registration 
steps, we could have introduced errors; however, we meticulously confirmed registration 
accuracy at each step to alleviate the impact of this issue. Additionally, we did not extract for 
subsequent analysis the exact MR signature; however, we were interested in an automated 
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definition method and, furthermore, the average observed effect of the VLV FC was 
independent on the MR signature volume.     																																																
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6		
Conclusion	and	perspectives	
	
6.1.	Summary	of	MD-PHD	thesis	contribution	
	 The first major contribution of this thesis is the image analysis developed to 
explore the advantages and pitfalls of the 7 T MRI, in the context of its potential 
usefulness in functional neurosurgery. The candidate was able to evaluate if SWI at 7 T is 
valuable to improve Vim GKR targeting, a crucial step of this procedure. In a pilot study 
using multi-modal imaging, both at 3 and 7 T, the candidate individually contoured the 
visually distinguishable Vim on 7 T SWI. Moreover, he performed the targeting using the 
quadrilateral of Guiot, alike in a real clinical realm. Working in binome with Elena 
Najdenovska, in the frame of her PhD thesis, she performed an automated thalamus 
segmentation using 3 T DWI, but also an automated segmentation using atlases on the same 
cases. The targeting points (e.g. by Guiot), showed confined localization inside the manually 
delineated Vim, which was contained by the VLV cluster from diffusion data. This 
preliminary work and its proof of concept could help minimally invasive techniques, such as 
Vim GKR or HIFU, to pass from an indirect targeting towards a direct one. This could be of 
major help for this step of the procedure, as Vim GKR relies only on neuroimaging for 
targeting and follow-up. This work has been extended to other types of thalamic nuclei and 
their respective direct visualization at 7 T, with further comparison with diffusion-based 
segmentation data. The candidate concluded that while 7 T is of potential benefit, several 
disadvantages exist and data should be validated in a larger cohort. Image processing 
techniques should be further used to improve the intrathalamic contrast in the SWI sequence 
and further gain in visibility with regards to different nuclei and their delineation, especially 
in elderly subjects, where this contrast at 7 T is different as compared with the younger ones.    
	 The second major contribution is a better understand of the Vim GKR 
radiobiology in ET. Several findings of our analysis have prompted out toward a basal 
ganglia network. This aspect was, however, not astonishing, and has a pathophysiological 
relevance, already acknowledged by other authors. Moreover, pretherapeutic inferior olivary 
nucleus interconnectivity with motor areas has been illustrated as predictive for tremor 
improvement one year after Vim GKR. More important was the discovery of a visually 
sensitive structural and functional network, which is involved in tremor generation and further 
arrest after Vim GKR. This aspect has been underlined by several, different, convergent 
computational approaches, in the frame of the present thesis, using both VBM and rs-fMRI 
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analysis. Some of the statistical methods did not use any prior hypothesis, while others were 
based on the assumption of the motor thalamus as a core of the cerebello-thalamo-cortical 
network. This visual network might be, in fact, an integrated part of what the candidate named 
the “cerebello-thalamo-visuo-motor” network, calibrated either by the thalamus itself, or by 
the cerebellum. Another aspect was the eventual balance between the salience networks and 
the motor ones, interconnected with visual association areas, and with opposite pretherapeutic 
interconnectivity tendencies, which could predict the degree of tremor alleviation 1 year after 
Vim GKR. We there concluded that those patients having this visual network more integrated 
pretherapeutically had better chances of clinical improvement after radiosurgery for tremor. 
This visual network comprises mainly parts of the extrastriate cortex, with different roles, 
already underlined during the respective section. The eye-hand coordination in ET looks to be 
an appealing pathophysiological theory and should be further validated by other studies.  
 A third contribution is related to an overall evaluation of longitudinal structural 
and functional changes after Vim GKR, beside the one involving the visual system. 
Dorsal attention and salience networks have been described by other authors as presenting an 
increase in FC in ET patients as compared with HC, as a probable compensatory mechanism. 
We were able to demonstrate that Vim GKR brings FC in these networks close to zero, one 
year after the intervention. Other relevant changes involved the anterior insula, which we 
proposed as a hub between salience and motor networks or the supplementary motor area 
(SMA). Moreover, were described FC modifications within language related areas (BA 47), 
meaning and phonology (BA 40), or selective response suppression in go/no-go tasks and 
hand movements (BA 44). 
 A fourth contribution was related to the illustration of abnormal functional 
connectivity of other anatomical structures, than the ones already described in the 
literature, in ET. As an example, the PPN had already an advocated role in PD with axial 
symptoms, as a target for DBS, as these patients are considered less responsive to STN DBS. 
The PPN is involved in modulation of gait. The candidate was able to illustrate, for the first 
time, that pretherapeutic FC of the motor thalamus with this brainstem structure correlated 
with baseline tremor scores. This aspect opens the nice perspective of a more in depth study 
in cases with ET and axial symptoms, as a correlation between FC with balance scores and 
their eventual improvement after radiosurgery.  
 A fifth contribution was the study of some particular phenotypes of ET, including 
those with head tremor222. Though not detailed in the present thesis, the candidate was able 
to show, using a methodology implying no prior hypothesis, that an abnormal resting-state 
connectivity between the supplementary motor area and the limbic system predicts head 
tremor arrest after Vim GKR. Using computational approaches with prior hypothesis, it has 
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been suggested in the frame of this project that abnormal connectivity between the motor 
thalamus and fusiform gyrus would be related to the appearance of head tremor and further 
arrest after Vim GKR. An adaptive mechanism was suggested for the former, as Vim GKR 
brought FC values close to the HC one year after the intervention.    
 A sixth contribution was the proposal of new therapeutic targets in ET. This 
proposal was mainly related to parts of the right extrastriate cortex and should be investigated 
by other studies, ideally in larger and randomized cohorts.  
 
6.2.	Overall	limitations	
 A limitation of the SWI at 7 T was the unstandardized contrast variation among 
different subjects, especially noticeable between the young and elderly population. In 
addition, random appearance of blood vessels inside the thalamic region might also alter the 
provided information. In this sense, efforts should be made in optimizing the SWI contrast 
and further provide clearer discrimination between the different borders of directly visible 
thalamic nuclei. Moreover, it could be further employed in automated segmentation 
approaches, such as the coupled level set functions as already used for exploring the diffusion 
information.  
A limitation of the radiobiological part was the relatively small number of subjects. 
However, despite the previous, the results presented were strongly statistically significant. To 
overwhelm this limitation we currently acquire, with the help of Professor Régis in Marseille, 
a larger cohort. The candidate explores the rs-fMRI data using a different and recent 
perspective, while testing a beta version of a software developed in MipLab (Professor Van 
de Ville, Thomas Bolton). This is related to connectivity activation patterns, previously 
briefly described.  
 
6.3.	General	perspectives	
Ventro-intermediates nucleus radiosurgery for intractable tremor is gaining interest 
and acceptance. As an alternative to open surgical procedures, its role as a first choice 
indication is becoming more prominent. Because of incomplete understanding of its 
radiobiological effects, progress needs to be made to open new avenues towards disrupting 
borders for the use of radiosurgery. Imaging techniques become more user-friendly and 
develop quickly (e.g. 7 Tesla acquisitions with special sequences such as SWI, but also fMRI, 
PET, SPECT) and the software and computer technology develop quickly as well. This allows 
progress to be made concerning radiosurgical planning parameters, with high conformity and 
high selectivity planning (rapid dose fall-off). Also, expensive multicentric trials are 
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conducted worldwide to confirm the applicability of radiosurgery as a first-line treatment. 
 Considered to be a disruptive innovation by one of its pioneers 7, GKR has to make a 
step forward towards the understanding of its intimate mechanisms in the 21-st century. The 
lack of radiobiological knowledge is not only limited to the case of the Vim RS. Another 
interesting example comes from the GKR treatment of arterio-venous malformations (AVM) 
presenting with epilepsy. Interestingly, seizure cessation in these patients frequently occurs 
before the AVM occlusion or even sometimes despite a failure of occlusion of the nidus 284. 
Moreover, in AVM located in functional areas such as the motor cortex, there is no 
neurological deficit after GKR, while epilepsy resolves and AVM occludes. This illustrates 
that the biological changes affect some processes (e.g. the seizures) while sparing others (e.g. 
normal brain function), together with achieving the desire effect (AVM occlusion). Another 
issue is related to the possible genetics involved in human variability of response to 
radiosurgery. 
Radiosurgery and particularly GKR will gradually overtake and overwhelm the 
existing invasive neurosurgical approaches. Radiosurgical planning will be made according to 
a desire radiolobiological effects in close relationship with biologically effective doses 
(BED), directly connected to physical dose but also to some indirect parameters, such as 
target volume, tissue consistence and radiation dose rate. With that respect, we hope that our 
research project will contribute to better define these parameters. 
In this research project, we have decided to focus on Vim GKR, as we believe that it 
represents a “pure model” of to study GKS for several reasons. First, there is no underlying 
lesion to be treated (such as tumor, AVM, …) which may have accounted for variability on a 
case by case basis. Second, the targeting is set on similar fixed MRI stereotactic coordinates, 
aiming at exactly the same target, using a unique shot of 4 mm, and a similar dose 
prescription in all patients, which guarantee the technical reproducibility of the procedure. 
Thus, we believe that this “model” represents the best approach to study tissue reactions and 
clinical effects, and their variability. Improving understanding of its effects both in targeting 
and radiobiology, it opens further directions of comprehension and application of 
radiosurgery to other pathologies- not only for functional disorders- such as epilepsy (MTLE, 
hypothalamic hamatroma), trigeminal neuralgia, but it may also improve the application of 
radiosurgery for other conditions such as brain tumors and vascular disorders. Thus, our 
research project has tentatively a wider application range... 
We hope that our findings might lead, in the future, to eventual safer, less expensive 
and more effective methods of neuro-enhancement and further turn decades of hard work into 
real-life benefits.  
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Figure Legends: 
 
Figure 4: artistic representation of: a- how the gantry of the Cobalt-60 machine is focusing Gamma 
radiation on the targeted region, while minimizing the amount of radiation that passes through the 
nearby regions; in the illustrated case, the patient has attached to the head a stereotactic frame; b- 
Gamma Knife machine (adapted from http://philschatz.com/chemistry-book/contents/m51203.html) 
Figure 5: Overall vision of the anatomical location of the thalamus in humans, on sagittal (lateral, 
upper part) view; simplified view of the internal structure (lower part), as adapted, with permission 
from Doctor Jerry L- Prince, from “A novel contrast for DTI visualization for thalamus delineation”, 
Fan et al.27, Fan X., Thompson M., Bogovic A., Bazin P.-L., Prince J., DOI: 10.117/12.844473, SPIE 
Medical Imaging 2010, San Diego, California, United States, Proc SPIE 762533 
 
Figure 6: Illustration of parcellation of the thalamus, in axial plane, as depicted in: a- the 
Schaltenbrand’s31 or b- Morel’s atlas30; while both are based on histological delineation, different 
subdivision patterns can be seen 
Figure 4: activities of daily living impaired by tremor: eating and drinking, dressing, writing  
(with permission from Jama Neurology, Muth et al.51, American Medical Association, DOI: 
10.1001/jama.2016.16376) 	
Figure 5: reproduced with permission from Haubenberger and Hallett54 (New England Journal of 
Medicine, Copyright Massachusetts Medical Society): artistic representation of presumed pathways 
involved in the pathophysiology of ET: the cortico-ponto-cerebello-thalamo-cortical loop and the 
dentate nucleus-red nucleus-inferior olivary nucleus-dentate nucleus; are illustrated also the Vim, the 
zona incerta and the prelemniscal radiation, as areas successfully targeted in drug-resistant tremor  
Figure 6: Surgical interventions for drug-resistant essential tremor: upper part, invasive procedures, 
with electrode implantation inside the brain: electrical stimulation (left), radiofrequency thalamotomy 
(right); lower part, minimally invasive procedures: radiosurgery (left), high-focused ultrasound (right), 
adapted from doi.org/10.1093/brain/awy096  	
Figure 7: The thalamus appearance on T1 weighted imaging (right panel), with corresponding axial 
slice from the Schaltenbrand’s atlas (left)31, modified and adapted from Abosch et al.34; one can see 
the absence of intrinsic contrast for distinguishing different thalamic subparts, as the former appear 
like an homogenous region 
Figure 8: targeting of the ventro-intermediate nucleus of the thalamus by radiosurgery: a, use of non-
stereotactic DTI, to visualize the internal capsule and limit the irradiation doses towards this structure; 
b, the quadrilatere of Guiot; c, the placement of a unique 4-mm shot, with the isodoses of 90 and 15 
Gy colored in green 
Figure 9: a, minimal MR signature; b, the classical “cocade” aspect; c, larger MR signature 
Figure 10: a, adapted from Steiner et al.131, first human autopsies after thalamotomy for pain; 
reproduced with permission from Springer Nature b, adapted from Kondziolka et al.142, 6 months after 
baboon irradiation, with 100 Gy, ventral thalamus (main image: hematoxylin and eosin stain, showing 
thalamic tissue within the radiosurgical target, with vascular hyalinization and wall thickening typical 
of radiation vasculopathy being prominent; secondary image, MRI of the irradiated zone); reproduced 
with permission form Karger Publishers 
Figure 11: a, image extracted from Abosch et al.34, showing SWI acquisition thalamic level  
(axial slice, right side); b, image acquired on a healthy subject at Center of Biomedical Imaging 
(CIBM), Lausanne, Switzerland, showing different thalamic subparts, including the Vim (courtesy and 
draw by E. Najdenovska) 
Figure 12: Preprocessing steps for VBM analysis: a, initial T1 weighted image; b, normalized 
images; c, gray matter extraction; d, smoothed image; e, final cluster (data from patients treated in 
CHU Timone, Marseille) 
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Figure 13: Artistic illustration of how we can pass from the neuronal activity to fMRI BOLD 
response (Courtesy of the USC Laboratory of Neuroimaging and Athinoula A. Martinos Center for 
Biomedical Imaging, Consortium of the Human Connectome Project- 
www.humanconnectomeproject.org) 
Figure 14: Illustration of an FA map, with the internal capsule, the Vim RS isocenter and the RAPRL 
location, in a patient treated in Marseille (CHU Timone), France 
Figure 15: Schematic overview of the methods used to define the Vim in the present thesis187  
(*functional definition refers to its validation in functional neurosurgery) 
Figure 16: Schematic overview of the registrations applied for transforming into the common image 
space187 	
Figure 17: Illustration of the visible structures corresponding to the thalamic area in axial view on the 
SWI acquired at 7T, based upon the illustration from the pioneering work of Abosch et al.34. In panel 
A the SWI features are compared with the Schalterbrand atlas (plate 53 Hd +3.5) superimposed on the 
right thalamus. The arrows and the respective color contours indicate the nuclei: Vim, Pulvinar (Pu), 
ventro-caudalus (Vc), ventro-odalis (Vo), the medio-dorsal group (MD) and the internal capsule (ic). 
The shown SWI image is part of the dataset used in this study. Panel B gives a corresponding axial 
plate of the Morel’s atlas where the (same) color (shade) matches appropriate regions of the 
Shalternbrand’s atlas, while keeping the same nomenclature used in each one of them. In fact, 
considering the Morel’s atlas30 nomenclature, Vim is part of the Ventro-Lateral-posterior nuclei, 
which furthermore, together with ventro-lateral anterior and ventro-posterior nuclei form the VLV 
cluster187 	
Figure 18: Schematic representation of the ROIs separation in 8 regions, in 2D and 3D view (middle). 
The labeling of the subparts is done according to the hemispheres to which the ROI belongs187. 
Figure 19: Boxplot showing the difference between the six targeting points obtained by the 
quadrilatere of Guiot for each subject respectively (in the healthy subjects, YS1 to YS5)187 	
Figure 20: Illustration of the difficulties encountered for the manual delineation of the Vim regarding 
the image contrast on SWI acquired at 7T and the presence of blood vessels in the targeted area. We 
can observe that the contrast varies between subjects, but also between the two groups, young (here 
YS1 and YS2) versus the elderly (ES2 and ES3). The arrow for Subject YS1, illustrates the relatively 
big blood vessel passing through the left targeted thalamic region that prevented manual 
discrimination of the Vim. The presence of small vessels surrounding the Vim can be observed in each 
panel187 
Figure 21: Visual representation of the comparison between the methods. Panel A give the results in 
axial view of each young subject respectively (YS1-YS5), while panel B shows a 3D view of the 
Subject YS2’s outlined Vim, as well as its localization inside the VLV cluster and within the 
thalamus. Among the shown findings, the Guiot points are given in magenta, the manual Vim 
delineation in yellow and the automatically segmented VLV cluster in red. The remaining 
automatically delineated clusters shown in panel A are: Pulvinar (Pu), medio-dorsal (MD) and the 
anterior (A) group of nuclei as well as the cluster enclosing the centro-lateral and the lateral posterior 
nuclei along with the medial part of the Pulvinar (CL-LP-PuM). It can be seen that for all the subjects 
the Guiot points are always inside and/or on the border of the manual delineation, which furthermore 
is observed in the anterior-lateral part of the VLV cluster close to its lateral bord187.  	
Figure 22: Visual comparison between the manual delineation and the multi-atlas outline of the Vim. 
The Dice coefficient estimates the overlap between the two outlines. 	
Figure 23: Superimposed dosimetry with the 90 Gy isodose line (green) to the therapeutic images (a), 
3T (b) and 7T (c) 3 months follow-up MRI (d) and 3T 6 months follow-up MRI; please note that 7T 
already shows a visible MR signature corresponding to the targeted area, while at 3T nothing was yet 
visible 
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Figure 24: global overview of GMD at baseline and 1 year for left temporal pole and visual 
association area, depending on clinical response (<=50% TSTH improvement, versus >50% TSTH 
improvement; it is of interest that for both clusters (temporal and occipital), for a TSTH improvement 
<=50%, the baseline values are lower as compared with the ones for TSTH improvement >50%; at 1 
year, the NR patients achieve a median value comparable to that of R at baseline, while the former 
remain stable; 
Figure 25: correlations between TSTH improvement and differences in GMD (Spearmann= 0.01 for 
both clusters); left- temporal cluster, right-occipital cluster 
Figure 26: left, correlation between pretherapeutic GMD (left temporal cluster) and 1 year TSTH 
improvement (Spearmann= 0.004); right, illustration of GMD increase (for the NR) and respectively 
no change (for R), as structural differences between R and NR during time, before and after Vim 
GKR, presented by clusters (1=left temporal and 2=left occipital, with a sagittal illustration for each 
one of them) 	
Figure 27: higher pretherapeutic GMD predicts better 1-year TSTH improvement 
Figure 28: two pre-processing pipelines developed in LTS-5, Swiss Federal Institute of Technology  
Figure 29: Illustrative example of 3 networks generated by the ICA approach220 
Figure 30: Interconnectivity within network 12, between bilateral motor cortex and FEF with ION, 
reproduced with permission from doi.org/10.1111/ane.12891		
Figure 31: Interconnectivity within network 13, between bilateral thalamus with left cerebellar lobule 
V, reproduced with permission from doi.org/10.1111/ane.12891  
Figure 32: Interconnectivity within network 14, between DMN and salience with BA 10, reproduced 
with permission from doi.org/10.1111/ane.12891 
Figure 33: Main component 9 (IC with MNI -30 8 0), from left to right: anatomical images, boxplots 
and corresponding values by group, as well as difference in IC 1 year after Vim GKR, allowing a clear 
separation between groups, reproduced with permission from doi.org/10.1007/s00701-017-3456-x 	
Figure 34: Main component 13 (IC with MNI 32 -80 10), from left to right: anatomical images, 
boxplots and corresponding values by group, as well as difference in IC 1 year after Vim GKR, 
allowing separation between groups, reproduced with permission from doi.org/10.1007/s00701-017-
3456-x 	
Figure 35: Adapted from Brain223, with permission: right, main effect of time: upper part, 
interconnectivity between the main network, including remnant salience network with right fusiform 
gyrus (including V5); middle part, boxplot illustration of overall interconnectivity values in pre- and 
postherapeutic states; lower part, boxplot illustration with regard to the group clinical effect (with less 
or equal and more than 50% improvement); left, interaction between clinical effect and time: upper 
part, interconnectivity between the main network, including left cerebellum lobule VI, frontal eye 
fields and bilateral motor cortex with right visual association area (Brodman area 19, including V3, V4 
and V5); middle part, pretherapeutic interconnectivity predicts tremor score on the treated hand 
improvement 1 year after Vim RS (Spearman rank correlation coefficient 0.001); lower part, boxplot 
illustration with regard to the group clinical effect (with less or equal and more than 50% 
improvement). 	
Figure 36: a- region-of-interest extraction by Dr Najdenovska, using a methodology, which has 
already been published; b- brief and artistical overview of the seed-to-voxel approach, with the 1-year 
MR signature volume always contained inside the VLV cluster (permission for reproducing this figure 
is not required, but the journal article need to be cited221) 
Figure 37: a- illustration of left VLV seed-to-voxel FC maps (with right visual association area), 
which predicts 1 year ADL’s improvement; b- boxplots with the FC values for HC, baseline ET and 
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ET 1 year after SRS-T; c- the illustration of mean, median, standard deviation and range for each of 
the groups (permission for reproducing this figure is not required, but the journal article need to be 
cited250) 
Figure 38: a- illustration of left VLV seed-to-voxel FC maps (with left fusiform gyrus), which 
predicts 1 year head tremor improvement (n=11, for pretherapeutic head tremor score >=1); ; b- 
boxplots with the FC values for HC, baseline ET and ET 1 year after Vim GKR; c- the illustration of 
mean, median, standard deviation and range for each of the groups (permission for reproducing this 
figure is not required, but the journal article need to be cited250) 
Figure 39:	Difference in FC between HC and ET in (from left to right): left primary somatosensory 
area, pedunculopontine nucleus, and dorsal anterior cingulate (permission for reproducing this figure 
is not required, but the journal article need to be cited221) 
Figure 40: decreased pretherapeutic FC of left VLV with pedunculopontine nucleus as compared with 
HC (Spearman= 0.01) correlates with baseline ADL (permission for reproducing this figure is not 
required, but the journal article need to be cited221) 
Figure 41: ET patients, as compared with HC, showed increased left FC with left visual association 
cortex (BA19, pFWE-cor=0.005) and left superior parietal regions (BA 7, pFWE-cor=0.014) (permission for 
reproducing this figure is not required, but the journal article need to be cited221)	
Figure 42: Illustration of differences of left VLV seed-to-voxel FC values for the statistically 
significant clusters in pretherapeutic – 1 year after Vim GKR: right insular and orbito-frontal (a), 
posterior parietal cortex (b), left anterior insular cortex (c), right inferior frontal gyrus and frontal-eye 
fields (d) (permission for reproducing this figure is not required, but the journal article need to be 
cited221) 
Figure 43: Illustration of connectivity activation patterns in our population, from 1 to 3 (left to right) 
Figure 44: a-illustration of the number of counts, as boxplots, for CAP 2, in ET, HC and post-Vim 
GKR states, with associated p-values; b-correlation between pretherapeutic ADL and the number of 
counts for CAP2  
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Supplementary Material  
 
MRI protocol for part 3: The abbreviation YS denotes the parameters used for the 
acquisitions from the young cohort, while ES from the elderly one, where they differed 
between them. 
			
 
 
 
Sequence 
3T 
T2-w 
 
3T 
T2-w CISS 
 
 
3T 
MPARGE 
 
 
3T 
DWI 
 
 
7T 
MP2RAGE 
 
 
7T 
SWI 
 
 
Scanning 
Machine 
(Siemens) 
YS: Tim Trio 
ES: Prisma 
YS: Tim Trio 
ES: Prisma 
YS: Tim Trio 
ES: Prisma 
YS: Tim Trio 
ES: Prisma 
Medical Solution Medical Solution 
Resolution, 
mm3 
YS: 0.5x0.5x1.0 
ES: 0.7x0.7x2.0 
YS: 0.4x0.4x0.4 
ES: 0.5x0.5x0.5 
1.0x1.0x1.0 2.2x2.2x2.2 0.6x0.6x0.6 0.375x0.375x1.0 
Matrix size, 
mm2 
YS: 512x512 
ES: 320x320 
YS: 320x320 
ES: 512x512 
256x256 98x98 320×320 512x512 
Slice/partitions, 
mm 
YS: 160 
ES: 35 
YS: 80 
ES: 96 
YS: 160 
ES: 192 
YS: 52 
ES: 62 
256 72 
Repetition time,  
ms 
YS: 3200 
ES: 6240 
YS: 6.18 
ES: 5.98 
2300 
YS: 6300 
ES: 7100 
6000 28 
Echo time,  
ms 
YS: 402 
ES: 86 
2.75 
YS: 2.98 
ES: 2.03 
84 
YS: 2.64 
ES: 2.05 
20 
Inversion time,  
ms 
/ / 900 / 800/2700 / 
Flip angles, 
degrees 
YS: 120 
ES: 150 
49 9 90 7/5 10 
Target 
YS: Whole Brain 
ES: Thalamus 
Thalamus Whole Brain Whole Brain Whole Brain Thalamus 
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MRI protocol for part 5: resting-state fMRI data acquisition 
Imaging was done on head-only 3T magnetic resonance imaging (MRI) scanner, 
SIEMENS SKYRA (Munich, Germany, 32-channel receive-only phased-array head coil): 
native (before SRS-T) and Gadolinium contrast-enhanced T1-weighted (T1w, after SRS-T) 
and resting-state fMRI images. The following parameters were employed: T1w- 
TR/TE=2300/2⋅98ms, isotropic voxel of 1mm3, 160 slices; T2*-weighted fast echo planar 
imaging (BOLD contrast, before the Gadolinium injection)- TR/TE = 3.3s/30 ms/90 degrees), 
voxel size 4 x 4 x 4 mm3, 300 volumes acquired per subject), 46 interleaved axial slices. The 
rs-fMRI experiments, acquired with no explicit task, consisted of a 10-min run, in which 
participant were asked to relax with their eyes closed, without falling asleep or engaging in 
cognitive or motor tasks. In addition, a field map was acquired to correct for the effect of field 
inhomogeneity.  	
 
 
